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directions  these  techniques  arc  likely  to  take,  lliis  will  provide  the  overall  background 
necessary  for  understanding  tire  principles  and  mechanisms  of  real,  current-day.  strap^lown 
systems  and  likely  future  systems  using  the  newest  technology. 
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PREFACE 


This  Lecture  Series  No.95,on  Strapdowo  Inertial  Systems  is  sponsored  by  the 
Guidance  and  Control  Panel  of  AGARi>  and  organized  by  the  Consultant  and  Exchange 
Programme. 

The  first  four  lectures  arc  intended  to  provide  a detailed  tutorial  to  strapdown  inertial 
sensors,  algorithms,  and  systems.  Tnc  second  four  lectures  emphasize  actual  system  applica- 
tions using  all  of  the  different  types  of  inertial  sensors  presently  available.  In  that  regard, 
the  reader  is  fortunate  in  having,  in  one  document,  the  description  of  the  application  of 
these  different  sensors  to  various  state-of-the-art  application.,. 

Most  of  the  papers  v/ere  technically  reviewed  and  have  been  edited  for  consistency  in 
format  and  in  nomenclature  so  that  the  reader  will  find  a common  approach  in  each 
presentation.  Tlie  opinions  expressed  arc.  of  course,  those  of  tin;  individual  lecturers. 
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STRAPDOWN  INERTIAL  SYSTEMS— THEORY  AND  APPLICATIONS 
INTRODUCTION  AND  OVERVIEW 
by 

George  T.  Schmidt 
Advanced  Systems  Department 
The  Charles  Stark  Draper  Laboratory,  Inc. 
Cambridge,  NA,  U.S.A.  u?'. ’9 


SUMMARY 

Comparisons  between  conventional  glrabal  inertial  systems  and  strapdown  Inertial  systems  are  presented 
In  terms  of  Implementation  requirements  and  performance  differences.  A generalized  approach  to  inertial- 
system  analysis  that  can  determine  the  performance  of  different  Inertial  mechanizations  Is  described. 


1.  INTRODUCTION 

This  AGARD  Lecture  Series  is  Intended  to  provide  both  the  basic  theory  of  strapdown  Inertial  systems 
and  an  overview  of  the  current  technologies  being  implemented.  Technology  highlighting  the  up-to-date 
techniques  employed  In  the  development  of  strapdown  inertial  sensors,  analyses,  algorithms,  and  subsystems 
Integration  are  presented,  along  with  predictions  of  the  directions  these  techniques  are  likely  to  take. 

The  Intent  of  this  particular  lecture  Is  to  provide  some  overall  background  and  Introductory  material 
to  the  detailed  lectures,  as  well  as  a generalized  analysis  technique.  Then,  the  following  three  lectures 
emphasize  In  a tutorial  manner  inertial  components,  algorithms,  and  strapdown  system  design;  toe  remaining 
four  describe  applications  of  these  techniques  to  system  Implementations. 

Previous  AGARD  publications  and  other  reference  material  provide  the  necessary  framework  for  under- 
standing the  techniques  of  Inertial  navigation. ( 1*5)  These  publications  have  concentrated  on  gimbal  Iner- 
tial navigation  systems,  by  far,  the  most  eotsmon  type  of  inertial  system  In  military,  space,  and  eommercial 
use.  All  of  these  references  describe  the  algorithms  for  navigation  In  great  detail. 

In  inertial -pi atform  gimbal  mechanizations,  the  gyroscopes  mounted  on  a stable  element  measure  angu- 
lar rates,  and  gimbal -drive  systems  can  use  the  angular-rate  information  to  null  the  angular  motion  sensed 
by  the  gyroscopes.  In  this  manner,  the  gyroscopes  and  accelerometers  on  the  stable  element  are  inertial ly 
stabilized  frqa  the  vehicle  motion,  and  the  stable  member  physically  represents  an  Inertial  reference 
frame.  By  double  integration  of  the  specific-force  indications  from  the  acceieroneters.  with  a correction 
for  gravity,  position  determination  is  possible,  figure  I illustrates  this  approach. 


AlTiTUOi  (laOltkATlON 


figure  1.  flaif'ormi  space-stable  Inertial  mechanization. 


Gimbal  systems  provide  a good  dynaalc  environment  for  inertial  Instruments,  particularly  in  severe 
angular  oscillatory  cases,  ‘uch  as  a spinning  reentry  vehicle,  since  the  gimbals  isolate  the  gyros  fr«  the 
environrent.  In  (act,  the  state-of-the-art  Is  soch  that  navigation  performance  of  gimbal  systWf  can  ap- 
proach almost  error-free  instrument  operation  to  the  point  where  uncertainties  in  the  knowledge  of  the 
gravity  field  become  the  dominant  sources  of  navigational  error. 

In  strapdown  inertial  systems,  the  sensors  arc  mounted  directly  (or  perhaps  with  vibration  isolators! 
bn  the  vehicle.  Inertial -sensor  outputs  now  represent  specific  force  and  angular  rate  with  respect  to  in- 
ertial space  coordini tized  in  vehicle  body  a»cs.  Therefore,  to  maintain  an  inertial  reference  frame,  a 


cnputer-generateo  transformation-matrix  algorithm  between  body  and  Inertial  frames  must  he  used  to  pro- 
cess the  gyro  outputs  as  the  vehicle  moves  and  Its  orientation  changes.  Then,  the  accelerometer  informa- 
tion must  be  transformed  from  the  body  frame  to  the  Inertial  reference  frame.  Figure  2 Illustrates  this 
mechanization. 


Figure  2.  Strapdown  sy? iws  computing  in  inortial  coordinatas. 


In  addition  to  the  added  conputalions,  the  Inertial  tensors  require  a large  dynamic  range.  They  are 
now  subjected  to  the  enll-e  vehicle  dynamic  environaeni  and,  in  general,  will  not  perform  as  welt  had  they 
been  isolated  fro*  it.  fhtch  of  the  wort,  in  fact,  on  laser  gyros  (to  be  discussed  in  following  papers) 
stems  from  their  reputeo  insensitivity  to  dynamically  induced  errors,  although  single-degree-of-freedom 
gyros,  tuned-rotor  two«degree-of-freeda»  gyros,  and  electrostatic  gyros  have  had  strapdown  applications. 

Utrapdown  systems  are  of  interest  for  all  but  the  «osi  dreanglng  perfonsance  nissions  since  elietna- 
tlon  of  the  gi»t>als  could  possibly  result  in  s«aller  syste«  size,  easier  laalntenance.  less  cost,  and 
perhaps  improved  reliability.  If  aidcd-inertlal  systems  such  as  Oiofeal  Positioning  Syster*  i&PSl-ioertial 
are  considered,  performance  differences  between  glspal  and  strapdown  sysieas  are  even  les;.  The  increased 
CQflputalional  regu1re«ents  of  sirapdqwn  systems  appear  less  Isiwriam  with  each  advance  in  computer  igchnol 
ogy.  Furtherwore,  the  instriysents ‘ Outputs  are  in  bpd.v  coordinates,  which  i$  desirable  for  autopilot 
functions.  Consequently . »uch  Interest  and  ongoing  activity  exists  In  strapdown  sensor  and  sys*e»  develop* 
e»ent,  and  this  lecture  series  has  been  motivated  ^v  these  developments. 


?.  KAVlMTttW  «CCHAHU*T!OMS 

*s  was  Illustrated  m Figure  2,  the  oechanijatlon  cor.cept  for  a strapdown  sysiavs  eoainiting  in  an 
Inertial  reference  fra»e  requires  the  use  of  the  gyro  outputs  in  the  conpulalion  of  a iransforwiaiion 
matrix  between  body  asad  inertia)  coordinates. 

Figure  3 Illustrates  the  case  when  the  geographic -north-pointing  local-level  navioatton  fr*se  is  the 
instruaented  tlaDle-menber  Zrao?  for  a ginsal  sysiois;  Figure  i shows  the  case  where  the  icwal -level  naviga- 
tion fraiae  is  the  coexputalional  reference  frane  for  a strapde-wn  syslew.  The  Icxal-level  fra«c  is  the  n>ost 
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Figure  3.  Plaiforrt  'jeographU.  lccal-veril£,sl  ov^tbsoizalirn. 
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Tigufu  4,  Stripdown  system  cofiipu tiny  in  gpoyraphic  local -vert iea 1 coordinates. 

cofMwn  for  gimbal  systems;  for  strApdown  systems,  since  the  gyros  measure  body  angular  rate  with  respect  to 
Inertial  space,  the  inertial  frame  seems  sore  appropriate.  However,  since  navigation  infonoation  in 
geographic  coordinates  is  aloost  always  a desired  output.  Figure  4 is  a typical  aechanlifttion. 

The  local -vertical  frame  is  usually  a so-called  "wander  ajim.uth*  reference  frame  in  which  no  attempt 
is  made  in  a ginbal  system  to  point  one  of  the  stable-member  a*es  n-orih  as  illustrated  in  Figure  S.  This 
mechaniyation  eliminates  navigation  errors  due  tu  errors  in  torguing  the  aii*uth  gyre.  Two  of  the  a»es  are 
maintained  level  but  free  to  rotate  in  aiimulh  about  the  third  ails,  which  is  maintained  along  the  local 
vertical.  The  saan*  reference  frm  can  be  impicaaented  as  the  ccsiputational  frame  for  a strapdewn  system, 
as  illustrated  in  Figure  b.  where  again  the  additional  ccwputallons  In  the  strap,  .^n  svst*«  are  related  to 
transforwation  of  specific  force  via  a transfomaltcn  matrti  between  body  and  local-level  coordinates.  A 
reason  for  using  this  reference  frame  would  be  if  the  straodown  hardware  were  to  replace  a gimbal  systw 
in  an  operational  system  eeaploying  a wander-aaimoth  mechaniiation  with  minimum  software  changes. 
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3.  KAViCATiON  tiiacKt 


There  are  signit  leant  differences  in  the  navisaticn  perfowahce  between  the  two  system  types  because 
of  calibration  limilatiens.  sensor  inaccuracies.  raisputat«onal  emcirs,  and  lensor-error-propagalion  effects. 
An  Overview  of  these  differences  will  be  discussed  in  this  section;  laur  lectures  will  discuss  Iheu  in 
detail. 

Calibration  limitations  on  slrapdown  systems  arise  because  the  inertial  sensbrs,  Which  are  rigidly 
attached  to  the  vehicle,  cannot  be  arbitrarily  orlenttd  at  different  angles  to  the  earth's  gravity  and 
angular- velocity  vectors.  Conversely,  a eisiibsl  system  is  isechanited  so  that  the  slable-mtnber  inertial- 
component  outputs  at  aiffereni  o-'^ientatfons  can  be  compared  with  the  known  input  components  of  gravity  or 
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Fiyi.ire  6.  Straixlown  wander- a iimuth  indthan uat ton . 

earth  rate,  and  the  sensor  errors  calibrated  in  a series  of  test  positions  that  expose  the  error  sources. 
Since  only  a tew  ot  the  strapdown  sensor  errors  tcompared  to  a qintba!  system)  can  be  caliorated.  the  systeai 
designer  must  depend  on  the  stability  of  the  instrui!>ents  between  systen;  rwnovals  frwn  the  vehicle  for 
calibration.  The  errors  that  cannot  be  calibrated  in  a strapdown  systi"'  propagate  into  navigation  errors 
when  the  system  begins  to  navigate. 

Sarnsor  inaceurac ies  that  arise  front  motion  of  the  vehicle  are  even  more  difficult  to  calibrate  in  a 
strapdown  system,  the  dynasic  response  characteristics  ot  the  inertial  sensor  under  consideration  for  use 
In  the  navigator  idust  be  well  understood,  and  the  limitations  on  navigation  perfonaance  evaluated  early  in 
the  lysteo  design.  For  eta«p1e.  in  single. degree-of- freedom  gyros,  a gyre  drift,  calle-’  aniseinertU- 
indueed  drift,  will  tee  present  whenever  the  gyro  e»periences  vibration  rates  concurrently  about  its  spin 
and  input  aaes.  to  eliminate  such  an  error  source  requires  complicated  cocapensation.  so  that  the  systeo 
designer  «ust  understand  me  interplay  between  vehicle  environeient,  sensor  design,  and  resulting  navigation 
system  perfomaance  when  picking  a particular  type  of  gyroscope  for  a strapdown  system. 

Snoli'.er  major  source  of  strapdown  system  error  is  in  gyro-torguing  scale- factor  error.  p.iri:cularly 
asyTieetrical  Scale-factor  errors  !«  a vibratory  ehvi roftsent.  th  a global  systei*.  Tyro  scale-factor  errors 
usually  have  a itlall  effect  un  na.  idatton  systee'  rerforva.nce . since  the  lorgctr.g  angutfr  rates  are  srtall 
and  nearly  equivalent  to  the  angular  velocity  of  the  vehicle  over  the  earth  > surface,  *n  a strapdown 
syslsss.  the  gyroy  Jtusl  also  be  lorgued  for  the  attitude  rate  of  the  vehicle,  and  conseguentty  scale-factor. 
induced  navigation  errors  can  be  quite  large,  c.yro  input-aics  nl  sal  Ignerenls  in  strapdown  syitevsS  are  also 
Important  for  sivtllar  reasons. 

i wajer  error  source  In  strapdowJ-  s Ingle,  degree -«f  • frec'-Jom  gyros  .\  ovl&«t-a»  I s. rotation  error.  ♦« 
fhis  case,  the  strapdown  gyr?  Has  a drift  errvir  prop-ertiofsal  so  the  angular  as cetrratio.n  along  its  Output 
a«i'.,  this  error  source  usually  dictates  hew  the  gyros  are  jtouhted  ir.  the  vehicle,  the  output  ases  i-f  ‘we» 
of  the  gyros  are.  for  esawple.  usually  placed  alcmg  the  ja»  ar's  in  an  aircraft  application. 

Coyiputatienal-ioduced  errors  in  sUapdewh  systems  refer  to  those  navigatich  errors  introduced  pj  the 
incorrect  lr.s.«if ermatien.  of  the  Sody-imeaSured  sjocific  forces  to  the  coBiputaliooal  fraaae.  t.he  algoriUss 
used  ts  generate  th?  transfonxatio.n  aatrit.  t*-.e  speed  at  which  fhe  trans  forma  tint's  «cur . the  con-pvter 
weird  le-'.ath  used,  and  the  iftertial-sensor  quantiJatten  all  play  a rant  in  contripatl-ng  to  ccwapulatior-al 
errors.  Since  this  typr  <if  error  aHe  'Pepends  on  the  vehicle  dynawic  erviroonmrt.  most  desishers  evaloate 
it  by  computer  sinwlatio-'.^ 

k'hsor.  induced  navi  salien. error. propagation  effects  arc  also  different  in  a strapdown  system,  .ror 
ejimple.  in  4 aiwbal  sytem  during  self -alignment,  th?  ?cf elo.retmeter  psitputs  are  used  to  level  the  stable 
nif>iiiher.  and  thie  mislcveling  of  the  stable  n^wiber  is  dwe  primarily  to  acceleretmeter  bias.  Sher.  the  system 
starts  to  navigate,  no  sighlficant  positi'!"  or  velocity  errors  nccur  due  l«  this  error  source,  since"  the 
pi  at  for«- tilt-error  cortiriPiition  is  etactly  canceled  by  the  acceler-ometer-bias-error  cenlri{v«ti».n.  Jn  a 
strapdown  systen.  where  self-al ignwent  occurs  by  inmaUying  the  transfemation  oatrii  using  the  accelprcvii. 
eters  for  Uvet  infcrraalion.  lh«>  sa«»e  type  of  till  a.ror  cKcurs.  however,  when  the  syslmn  starts  le 
navigate  and  the  vehicle  heading  changes,  the  orientation  of  the  inertial  •- >nscrs  effanpes  with  respect  to 
the  aligemient  (sr  nawigalienl  aifs.  and  the  net  result  is  te  introdure  a step  of  atseleratisn  errei , equal 
to  the  value  of  the  acceterwieter  bias  if  the  heading  changes  by  . tubsecsudotly,  then,  velocity  and 
position  errors  arise  frors  act'.  Hr  aw  ter  bias- 

This  effect  'n  strapdown  navigalS/sn  sy-stoms  that  have  evtemal  sjosilicn  cr  velocity  aidf'.g  has  led  to 
altewupts  to  calibrate  accelercwaef^r  bias  in  flight,  since  it  produces  an  observable  error  in  a strapdown 
system;. 

ts  an  illustralicn  p.'  this  effect,  a siit-uiallon  was  condocted  in  which  a slrapdcwn  navigator  on  an 
air-launched  missilf  was  alljnc^  and  cstibrated  wsing  est.ernal  velocity  inforwalion  previdep  by  another  in- 
erttll  tyllen  on  the  aircraft,  T!5ure  ? shewis  the  isaneavort  otade  in  a horiyontal  plane  by  the  aircraft 
durihfl  the  aligiwkent  and  calibration  sequence. 


ALL  AIRCRAFT  TURNS  ARE  COOROINATED 
MAXIMUM  AIRCRAFT  ROLL  RATE  = 34°/s 
MAXIMUM  AIRCRAFT  BANK  ANGLE  = 34° 

LAUNCH  VELOCITY  = MACH  t.4 

Figure  7.  Calibration  and  alignment  maneuver  (viewed  from  above). 


Figure  8 gives  the  initial  estimation  uncertainties  and  those  determined  for  two  later  times  In  the 
strapdown-system  transfotmation  matrix  between  body  and  local-vertical  coordinates,  and  the  estimation 
uncertainties  in  the  strapdown  gyro  and  accelerometer  biases.  An  optimal  filter  was  used  for  the  estimation 
approach. '8-10)  Note  that  the  maneuvers  allow  alignment  and  calibration;  after  270  seconds,  when  the 
aircraft  is  flying  straight  and  level,  the  azimuth  uncertainty  begins  to  Increase. 


ERRORTERM 

UNITS 

rms  UNCERTAINTY 

INITIAL 

AT  270 1 

AT  400  s 

Misalignment  - North 

mrad 

17 

0.114 

0.097 

Misalignment  - East 

mrad 

17 

0.114 

0.096 

Misalignment  - Azimuth 

mrad 

17 

0.150 

0.464 

Gyro  Bias  - Roll  Axis 

°/h 

0.5 

0.127 

0.078 

Gyro  Bias  - Pitch  Axil 

°ih 

0.5 

0.150 

0.076 

Gyro  Bias  - Yaw  Axis 

”/h 

0,6 

0.460 

0.460 

Accalarometar  Bias  - Roll 

an 

100 

86 

82.5 

Accaleromatar  Giai  - Pitch 

no 

100 

91.6 

86.7 

Accalarometar  Bias  - Yaw 

100 

65 

62 

Figure  8.  Calibration  and  alignment  results. 


Pt-rhaps  the  best  moans  of  studying  navigation-error-propagation  effects  between  different  inertial- 
system  iirplementations  is  to  use  a generalized  covarlince-analysls  computer-simulation  program.  The 
analysis  or.  which  such  a program  was  developed  Is  given  In  the  Appendix.  The  technique  was  based  on  a 
nerorallzed  error-analysis  approach  to  inertial  systems  as  derived  In  References  I and  11,  but  in  which 
an  error  was  made  in  the  difference  between  strapdown  and  gimbal  systems.  The  approach  can  analyze  inertial 
and  local -vertical  gimbal  mechanizations,  as  well  as  strapdown  systems,  and  has  been  found  to  be  extreme- 
ly useful  in  conducting  preliminary  system-design  performance  tradeoffs. 

Detailed  computer-based  eviluation  of  porfonnance,  including  algorithm  errors,  in  a strapdown  system 
design  requires  the  use  of  a wliOle-number  type  o."  simulator  rather  than  a statistical  or  covariance  approach 
Effects,  such  as  nonlinear  sensor  errors  and  quantization  errors  may  be  quantitatively  evaluated.tl21 
Such  computer  programs  are  used  widely  In  the  Inertial-system  manufacturing  Industry. 


4.  CONCtUniNG  REMARKS 

Navigation-system  Implementations  using  strapdown  systems  for  aircraft  and  ship  applications  will  be 
described  ih  the  following  lectures.  Although  not  described  In  tnis  Lecture  Series,  strapdown  sensors  have 
also  had  a long  history  of  application  In  space  vehicles  and  satellites.  For  example,  the  backup  guidance 
system  for  the  Lunar  Excursion  Module,  In  which  the  astronauts  landed  on  the  moon,  was  a strapdown  system. 
Also,  It  Is  highly  probable  that  strapdown  systems  employing  extra  strapoown  Inertial  sensors  for  fault 
redundancy  will  be  applied  to  alrcraff  In  the  very  near  future,  and  one  of  the  lectures  covers  that 
topic. (13-15) 
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This  Lecture  Series  stiould  provide  the  basic  theory  of  strapd-jwn  sensor';  and  systems  design,  and  the 
directions  current  technologies  are  likely  to  take  in  future  strapdown  Implementations.  The  computational 
aspects  will  be  treated  In  detail,  because  fortunately  for  strapdown  Implementation'll  the  Increases  In  pro- 
cessor speed  together  with  decreasing  computational  costs  are  making  the  additional  required  computations 
quite  easy  to  Implement. 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 
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APPENDIX 


GENERALIZED  COVARIANCE  ERROR  ANALYSIS 


/' 


This  appendix  describes  the  equations  necessary  to  conduct  a covariance  error  analysis  of  various 
Inertial-system  configurations — space  stable,  local  level,  strapdown,  and  others — using  one  general- 
purpose  computer  program.  Such  a program  has  been  implemented  by  the  author  and  Hr.  R.  Setterlund  at 
the  Charles  Stark  Draper  Laboratory  and  used  In  preliminary  design  tradeoffs  of  aided  and  unaided 
Inertial  systems. 

The  development  of  the  required  linearized  navigation  error  equations  for  any  Inertial  system 
Is  given  in  References  1 and  11,  which  are  correct  except  for  a term  Involving  gyro  misalignments. 

(In  Eq.  (0-112)  of  Reference  1,  the  minus  sign  and  the  transpose  should  be  used  for  all  systems.)  The 
equations  are  formulated  such  that  the  error  state  vector  for  all  Inertial-system  mechanizations  is  com- 
posed of  the  system's  attitude,  velocity,  and  position  errors,  where  the  attitude  error  Is  defined  as  the 
orthogonal  transformation  error  between  computed  navigation  axes  (north,  east,  and  down)  and  true  navi- 
gation axes.  The  resulting  state-space  equation,  valid  for  any  Inertial -system  mechanization  Is  of  the 
form  required  for  covariance  analysis 


X •»  Tx  + Ga 

where  x Is  the  nine-diroenslonal  error  state  vector 


(A-1) 


68, 


N 

6L 

$i 

6h 

61 

6t 

6h 


attitude  error  around  the  north  axis 
attitude  error  around  the  east  axis 
attitude  error  around  the  vertical  axis 

latitude  rate  error 
longitude  rate  error 
altitude  rate  error 
latitude  error 
longitude  error 
altitude  error 


and  Gg  1$  a nine-dimensional  vector  of  forcing  errors  to  be  described  later. 

For  systems  that  employ  barometric  damping  In  a second-order  loop  (as  shown  In  Figure  A-1)  the  F 
aiitrix  Is  given  by  Eq.  (A-2). 
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Figure  A-l.  Darcsoetrlc  da'^lng  loop. 
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and  where 
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north,  east,  down,  components  of  specific  force 

latitude,  longitude,  altitude 

celestial  longitude  rate  (=  i + w.  ) 

le 

earth  rate  (7.2921  x lo"®  rad/s) 

radius  from  earth  center  to  platform  (function  of  L and  h) 
altimeter  loop  gains 

Schuler  frequency 

g = gravity  (function  of  L and  h) 

All  of  the  quantities  in  F,  such  as  L,  L,  etc.,  are  functions  of  the  vehicle’s  trajectory,  and  must 
be  provided  by  the  simulation  program. 


The  matrix  G is  a 9*10  matrix 
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where 


c”  = direction-cosine  transformation  from  nominal  gyro  axes  to  geographic  navigation  axes. 

^ This  is  a function  of  platform  mechanization. 

= direction-cosine  transformation  from  nominal  accelerometer  axes  to  geographic  navigation 
® axes.  This  is  a function  of  platform  mechanization. 

D = transformation  matrix  relating  linear  velocity  errors  to  latitude  and  longitude  rate 
errors. 


0 = 


The  10x|  vector  ^ is 


R cos  (L) 
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(A-4) 


(A-5) 


where 


angular  velocity  error  of  the  platform  with  respect  to  inertial  space  in  platform  coor- 
dinates, due  to  gyro-related  errors  (bias,  scale  factor,  nonorthogonality,  etc.) 


6fP  = specific-force  measurement  error  due' to  accelerometer-related  errors  (bias,  scale  factor, 
nonorthogonality,  etc.) 

aG^”  = deviation  of  gravitational  field  from  that  associated  with  the  reference  ellipsoid, 
expressed  in  the  geographic  navigation  frame 

Ah  • altimeter  bias 
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The  differences  between  various  Inertial  mechanizations  are  reflected  In  the  matrices  c"  and  c'’, 

and  In  the  vector  g..  For  example,  the  transformation  matrices  for  several  systems  will  be  wr?tten  for 
the  case 


and  assuming  the  Inertial  system  mechanized  Is  Initially  aligned  to  the  geographic  axes. 

(1)  Space-Stable  Inertial  Mechanization 


(A-6) 
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(2)  Local -Vertical  Geographic 


(3)  Wander-Azimuth  Local  Level 

cos  o -sin  a 0* 

sin  a cos  a 0 

0 0 1 

m 

(4)  StrapdowA 


function  of  strapdown  system 
C"  ■ orientation  with  respect  to  the  vehicle, 

^ and  vehicle  attitude  (pitch,  roll,  heading) 


Reference  (1)  also  lists  several  other  Inertial-system  mechanizations. 
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(A-8) 
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The  specific  terns  used  In  the  forcing  vector  o depend  upon  the  error  sources  of  the  Inertial  instru- 
ments, In  the  Improbable  event  that  3^  can  be  modeled  as  white  noise,  then  the  covariance-analysis  approach 
can  be  applied  directly  to  Eq.  (A-1). 


Usually  3 will  be  made  up  of  bias  errors,  orthogonality  errors,  acceleration-sensitive  terms,  and  $0 
on,  which  will  then  require  further  matrix  partitioning  and  augmentation  of  the  error  state  vector  before 
a covariance  analysis  can  be  applied.  This  effort  Is  quite  laborious,  but  when  completely  programed  will 
provide  an  extremly  flexible  analysis  tool. 
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summary 

Gyros  and  accelerometers  currently  available  for  strapdown-digital-system  application  are  de- 
scribed and  compared.  Instruments  discussed  are  the  single-degree-of-freedom  floated  rate-integrating 
gyro,  the  tuned-rotor  gyro,  the  electrostatic  gyro,  the  laser  gyro,  and  the  pendulous  accelerometer. 

For  each  sensor,  the  Uieory  of  operation  and  mechanization  approach  is  described,  an  analytical  error 
model  is  developed,  performance  characteristics  are  analyzed  (relative  to  the  other  sensors),  advan- 
tages and  limitations  are  discussed,  and  application  areas  identified.  A section  is  included  describing 
torque-loop  electronic  design  approaches  tl^t  have  been  utilized  with  the  torque-rebalance  strapdown 
sensors  (the  floated  gyro,  tuned-rotor  gyro,  and  the  pendulous  accelerometer). 


1.  INTOODUCTION 

■nie  state  of  the  art  in  strapdown  inertial  navigation  technology  has  achieved  a level  of  matwity  in 
recent  years  that  makes  it  a serious  contender  for  general  avionics  usage  in  the  near  future.  Computer 
limitations,  which  handicapped  strapdown  compared  to  glmbaled  technology  in  the  past,  are  now  virtual- 
ly nonexistent  due  to  the  advent  of  the  low-cost,  high-speed  minicomputer.  Recent  advances  in  gyro 
technology,  particularly  the  laser  gyro,  (1,2)  have  virtually  eliminated  the  dynamic-range  problems  that 
previously  limited  the  accuracy  potential  of  strapdown  systems.  The  capabilities  of  today’s  strapdown 
technology  have  been  demonstrated  to  be  In  the  classical  1-nml/h  gimbaled  performance  category. 

(3.4,  5,  6)  with  production  system  costs  projected  to  be  one  lialf  that  of  gimbaled  systems  with  comparable 
accuracy  (7, 8,  0).  Tlte  traditional  strapdown  versus  gimbaled  tradeoffs  used  by  strapdown  proponents 
for  the  j^st  decade  to  tout  the  advantages  of  strapdown  technology  must  now  be  given  more  serious  evalu- 
ation. Due  to  the  assortment  of  strapdown  sensor  types  available  today,  the  tradeoff  analyses  must  ex- 
tend to  the  sensor  level  such  that  overall  system  capabilities  can  bo  assessed  for  Uie  particular  strap- 
down  meclianisatlons  available. 

This  paper  describes  the  operating  clwraclerlstics.  performance  capabilities,  and  limitations  of  the 
Inertial  sensors  (gyros  and  accelerometers)  titat  are  available  for  strapdown  application.  The  primary 
focus  is  on  the  available  gyro  technology,  since  Uiis  has  traditionally  been  Ute  determining  factor  for 
8 trapdown  (and  gimbaled)  system  performance.  Accelerometers  are  also  addressed  because,  more-so 
Uian  in  gimbaled  applications,  strapdown  accelerometers  can  liave  a significant  impact  on  overall  system 
performance,  particularly  U«o  effect  of  aecolorometer  bias  and  alignment  error  on  system  velocity  ac- 
curacy (10, 11),  Strapdown  gyro  technology  lias  now  advanced  to  tlic  point  where  the  accelerometer  lias 
become  a major  {lortion  of  the  system  error  budget.  As  Die  gyro  leohnology  furtlier  evolves,  Uie  acceler- 
ometer may  welt  become  the  limiting  error  source  for  strapdown  systems  unless  new  accelerometer 
designs  are  develo{>ed  specifically  for  strapdown  application.  Work  in  this  regard  lias  been  initiated, 
alUiough  not  yet  at  the  level  ct  fxuKling  dedication  being  afforded  to  dm  strapdown  gyro. 

Gyroa  snalyaed  in  this  paper  are  the  floated  rate- integrating  gyr-),  tuned-rotor  gyro,  electrostatic 
gyro,  and  die  laser  gyro.  Tlie  discussion  on  socelerometers  Is  limited  to  the  pendulous  torque-to- 
oatanco  type  because  this  instrument,  originally  designed  for  gimbaled  applications,  continues  to  be  the 
mainstream  acceleralion-aenslng  device  being  utilised  for  strapdown  appUcattons.  A separate  section 
is  included  on  torque-loop  electronics  mocltanitation  approaches  for  torque-to-batance  instruments. 

Three  of  the  sensors  discussed  require  such  electronics  as  an  integral  part  of  their  <^ration  (and  per- 
formance) in  strapdown  applications. 

For  each  of  the  sensors,  a functional  description  le  provided  defining  Ute  baaic  hardware  configura- 
tion of  the  device  and  its  principle  of  operation.  An  analytical  description  is  presented  which  defines  the 
input/ output  cltaracteristlcs  of  each  unit,  identifying  its  error  sources  and  dynamic  cliaracteristics. 
Finally,  a performance  aseesamcfnt  la  provided  that  categorltes  the  sensor  accuracy  capabilities,  timiu- 
tlons,  and  associated  appUcatlon  areas. 


2.  SEN.  PERFORMANCE  REQUIREMENTS 

Thble  1 defines  the  accuracy  capabilities  typically  required  from  strapdown  sensors  in  two  applica- 
tion areast  the  i-nmi/h  accuracy  long-term  (1  to  10  hours)  terrestrial  strapdown  inertial  navigation  sys- 
tem (INS),  and  the  strapdown  Attitude  and  Heading  Reference  System  (AHRS).  The  performance  figures 
in  thble  1 for  the  two  systems  represent  the  upper  and  lower  ende  of  the  performance  requiremenls 
epectrum  for  etrapdown  sensor#  in  general.  The  INS  application  Is  the  most  demanding  and  has  only  re- 
cently been  achievable:  the  AHRS  area  is  representative  of  a broader  class  of  strapdown  applications, 
some  of  which  have  been  in  production  for  the  past  few  years  (e.  g. , tactical  missile  midcourse  guidance). 

With  regard  to  rate-gyro  bandwidth  requirements  in  Thble  1.  Hie  Indicated  tevela  are  needed  in  the 
high-performance  area  in  severe  vibration  dynamic  environments  to  aaaure  Htal  adequate  data  is  provided 
to  the  system  computer  defining  Hie  angular  vibrations  of  the  sensor  assembly.  Failure  to  account  for 
correlated  out-of-phase  angular  vibrations  in  two  axes  (i.  e. . coning)  produces  an  error  In  Hie  ayatem 
computer  due  to  the  inability  to  account  for  actual  attitude  tnovement  developed  about  the  Hilrd  axis  from 


kinematic  rectification  (or  noncommutativity).  (13,  60)  For  the  AHRS-type  applications,  bandwidth  is 
generally  determined  by  strapdown  rate  signal  output  requirements  for  other  vehicle  functions  (e.  g. 
stabilization). 

Table  1.  laical  Strapdown  Sensor  Performance  Requirements 


Performance  Parameter 

Performance  Requirements 

Inertial  Navigator 

AHRS 

Gyro  Rate  Range  (deg/sec) 

100-400 

100-400 

Gyro  Bias  Uncertainty  (deg/hr) 

0,01 

1.0-10.  0 

Gyro  Random  Noise  (deg/N/Si^* 

0.  003 

0.2 

Rale-Gyro  Scale-Factor  Uncertainty  (ppm) 

5-50 

100-1000 

Rate-Gyro  Scale-Factor  Low  Rate  Assjnnetry 
(ppm) 

1 

100 

Rate-Gyro  Bandwidth  (Hz) 

30-300 

30-80 

Rate-Gyro  Output-Pulse  Quantization  (sec) 

2-10 

10-100 

Attitude  Gyro  Readout  Uncertainty  (w) 

10 

200 

Accelerometer  Bias  Uncertainty  (pg) 

50 

1000 

Accelerometer  Scale-Factor  Uncertainty  (ppm) 

200 

1000 

Sensor  Alignment  Uncertainty  (sec) 

5 

200 

Sensor  Warm-Up  Time  (min) 

1-5 

0.  6-1.0 

Sensor  Minimum  Calibration  Interval  (yr) 

0.6 

2 

Note:  This  error  source  is  a characteristic  principally  of  laser  gyros 
(see  Section  7.  2).  It  should  be  noted  that  the  other  gyros  also  have 
random  noise  output  errors,  but  generally  with  a narrower-bandwldth 
and  lower-amplitude  power-spectral-density  compared  to  the  laser 
gyro. 

Die  calibration  interval  requirement  in  Table  I is  an  important  performance  consideration  for  strap- 
down  systems  in  high-accuracy  applications  due  to  Uie  need  to  remove  tlie  sensor  assembly  from  the  user 
vehicle  wlien  calibration  is  necessary  (for  turntable  testing  to  excite  the  measurable  sensor  errors  and 
to  separate  g-sensitive  errors  and  eardi-rate  input  effect^*.  In  essence,  a strapdown  sensor  assembly 
calibration  requirement  Imposes  tlw  same  burden  on  the  user  as  any  other  maintenance  actiont  hence,  it 
is  generally  considered  a part  of  the  equipment  Mean-Tlme-Retween-Removals  (MTDR)  reliability  figwe. 
For  glmbaled  systems,  Ute  gimbal  assembly  can  be  utilized  to  perform  the  test  turntable  function,  and 
tlie  system  can  be  calibrated  aboard  the  user  vehicle  Uirough  a special  built-in-test  mode. 


3.  SlNGl.E-DEOREE-OF-FREEDOM  FLOATED  RATE- 

INTEORATINO  GYRO 

Tlte  floated  rate- integrating  gyro  (16, 17, 10, 10,20, 12)  pictured  schematically  in  Figure  1 is  tlie  gyro 
wiUt  the  longest  production  history  and  is  the  original  high-accuracy  gimbalod-platform  gyro.  The  de- 
vice consists  of  a cylindrical  hermetically  sealed  momentum -wheel/ spinmotor  assembly  (float)  con- 
tained In  a cylindrical  hem\eticaUy  sealed  case.  The  float  is  Interfaced  to  the  case  by  a precision  sus- 
pension assembly  Uuit  is  laterally  rigid  (normal  to  the  cylinder  axis)  but  allows  "friotionioss"  angular 
movement  of  the  float  relative  to  the  case  about  the  cylinder  axis.  The  cavity  between  the  case  and  float 
is  filled  with  a fluid  Uiat  serves  the  dual  purpose  of  suspending  the  float  at  neutral  buoyancy,  and  provid- 
ing viscous  damping  to  resist  relative  float-case  angular  motion  about  the  suspension  axis. 


A ball-bearing  or  gas-bearing  synchronous-hysteresis  spinmotor  is  utilized  in  the  float  to  maintain 
constant  rotor  sp^peed.  hence  constant  float  angular  momentum.  A aignzl-generator/picltotf  provides 
an  electrical  output  signal  from  the  gyro  proportional  to  the  angular  displacement  of  the  float  relative  to 
the  cast.  An  electrical  torque  generator  provides  the  capability  for  applying  known  torques  to  the  float 
alvMit  the  suspension  axis  proportional  to  an  applied  electrical  input  current  Delicate  flex  leads  are 
used  to  transmit  electrical  signals  and  power  between  the  case  and  float 

Under  applied  angular  ratea  about  the  input  axis,  the  gyro  float  develops  a precessional  rate  about 
the  output  axis  (rotation  rate  of  tlte  angle  sensed  by  Ute  si^ital-generator/pickoff,  see  Figure  1).  The 
pickoff-sngle  rate  generates  a viscous  torque  on  the  float  about  the  output  axis  (due  to  the  damping  fluid) 
which  sums  with  the  electrically  applied  torque-generator  torque  to  preceas  the  float  about  the  Input  axis 

*It  should  be  noted  Utat  a composite-bias  calibration  procedure  has  been  demonstrated  on  a ingle-degree - 
of-freedom  floated  rate-integrating  gyros  (14.  IS)  that  can  be  aecompUshed  statically  and  therefore,  in 
the  user  vehicle.  Conceptually,  the  method  Is  to  measure  the  gyro  output  with  the  spinmotor  operating 
at  two  different  speeds  (e.  g, , forward  and  reverse).  A comparison  between  the  two  readings  allows 
the  gyro-bias  to  be  separated  fron.  earUi-ratc  input.  This  calibration  tectmique  is  limited  by  its  in- 
ability to  separate  g-insenaitive  from  g-sensitive  error  terms,  the  inability  to  measure  gyro  scale 
factor  errors,  and  the  problem  of  predicting  user  vehicle  movement  durlitg  the  period  when  the  gyro 
spinmotor  speed  is  bel^  changed  such  that  performance  can  be  compared  in  equivalent  reference 
frames. 


at  the  gyro  input  rate,  llie  pLckoff-angle  rate  thereby  becomes  proportional  to  the  difference  between 
the  input  rate  and  the  torque -generator  precessional  rate;  hence  the  pickoff  angle  becomes  proportional 
to  the  integral  of  the  difference  between  the  input  and  torque-generator  rates. 
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Figure  1.  Honeywell  GG87  smgle-degroe-of-freedom 
floatod-rate-lntegraling  gyro. 


To  operate  the  gyro  in  a atrapdown  mode,  the  pickoff  angle  is  electrically  aervoed  to  null  by  the 
torque  generator  which  la  driven  by  the  aignal-genorator/plckoff  output  (through  suitable  compensation 
and  amplifier  olectronles).  Ute  time  Integral  of  the  difference  between  the  input  and  torque-generator 
precessional  rates  is  Uiereby  nuLottained  at  aero,  and  the  integral  of  tlie  torque-generator  rate  becomes 
proportional  to  the  Integral  of  Ute  Input  rate.  11)08,  the  integral  of  the  torque-generator  electrical  cur- 
rent provides  a measure  of  tl)e  integral  of  input  rate  for  a rate-gyro  atrapdown  inertial  navigation 
system. 


3. 1 General  Desigt)  Considerations 

TIte  suspension  assembly  for  the  floated  gyro  is  typically  of  the  plvot-and-jewel  type.  Some  units 
additionally  employ  a magnetic  suspension  around  tl)o  pivots  to  eliminate  friction  under  benign  flight 
conditions,  and  to  compensate  for  off-nominal  flotation. 

Hie  signal-generator/ plckcff  is  eil))er  of  the  moving-coil  or  variable-reluctance  type.  For  U)e 
moving-coil  pickoff,  a small  receiver  coil  is  mounted  to  the  float  and  an  a-c  excitation  coit  is  attached 
to  the  case.  Movement  of  tlic  float  relative  to  the  case  modifies  the  flux  linkage  sensed  by  die  receiver 
coil;  hence,  a d-c  voltage-oulpul  is  generated  from  the  receiver  coil  proportional  to  float-case  angular 
d isplacement.  For  the  variable-reluctance  pickoff,  Ute  excitation  and  receiver  coils  are  mounted  to  the 
case,  and  a soft-iron  assembly  is  attached  to  the  float  In  the  flux  return  path  between  the  excitation  and 
receiver  coils.  Moi^mcnt  of  me  float  relative  to  die  case  varies  die  orientation  of  the  soft  iron  in  the 
excitation  I'icld,  thereby  modifying  die  return  flux  lo  the  receiver  coil,  "nic  receiver-coll  voltage  there- 
by becomes  proportional  to  float-case  angular  displacement  Tlie  tradeoff  between  the  two  pickoff  ap- 
proaches is  dte  addition  of  two  flex  leads  (and  associated  error-torque  uncertainties  on  the  host)  for  the 
inoving-eoil  pickoff  versus  increased  error-torque  magnetic  sensitivity  (to  internally  generated  fields) 
for  die  variable-reluctance  pickoff. 

The  floated  gyro  torque-generator  is  either  of  the  permanent-magnet  or  electromagnetic  (mlcrosyn) 
type.  For  the  pernmnent-magnet  torquer,  a coll  cup  is  attached  to  the  float  (or  case)  and  a permanent 
magnet  is  mounted  to  die  case  (or  float).  Applied  electrical  current  to  the  torquer  coll  generatea  mag- 
netic flux  which  interacts  with  the  permanent-magnet  field,  thereby  producing  a torque  on  the  float, 
the  tradeoff  between  a caae-versus  float-mounted  magnet  is  the  addition  of  two  flex  leads  (for  the  case- 
mounted  magnet)  versus  increased  float  sice  and  increased  error-torque  magnetic  aenaitivlty  to  intern- 
ally generated  fields  (for  the  float-mounted  magnet).  For  the  electro-magnetic  torquer,  a soft  iron 
assembly  is  mounted  to  the  float,  and  an  electromagnetic  coll  Is  attached  to  the  case.  Applied  current 
to  the  coil  generates  a magnetic  field  lliat  interacts  with  the  iroi.  to  produce  the  desired  torque  on  the 
flosl.  The  advantage  of  the  electromagnetic  torquer  ir  die  elimination  of  the  permanent  mamet  and 
associated  scale-factor  variations  due  to  aging  (field  ntrength  decay),  and  the  ability  to  implement  the 
torque  generator  without  flex  leads.  Dlssdvantsges  are  increased  torquer  scale-factor  nonlinearities 
and  thermal  sensitivities,  snd  Increased  float  magnetic-error-torque  ausceptability  to  internally  gener- 
ated fields. 


3.2  Analytical  Description  and  Error  Model 

Consider  the  float  assembly  for  the  single-degree-of 'freedom  floated  rate>integratlng  gyro,  and 
define  a coordinate  frame  for  It  with  z along  the  rotor  spin  axis,  y along  the  float  suspension  axis,  and 
X to  complete  the  orthogonal  triad  (as  shown  in  Figure  2),  Ttie  torque -momenhim  tra!wfer  equation  for 
the  float  assembly  about  the  float  (y)  axis  Is 

T=Ju+(j-j)uu-wJu  (1) 

y y y * ® z X X r r 


where 


» net  torque  on  the  float  assembly  about  the  y axis 

3 inertial  angular  rates  of  rotation  of  the  float  assembly  about  the  x.  y,  and  z axes 
3 angular  rate  of  the  rotor  relative  to  the  float  (about  z) 

3 momenta  of  inertia  of  the  float  assembly  (including  the  rotor)  about  the  x,  y,  and z axes 
3 moment  of  Inertia  of  the  rotor  about  the  spinmotor  axis 
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Figure  2.  Gyro  gimbal  and  case  axes. 


the  corresponding  momentum -transfer  equation  for  the  rotor  about  Die  spin  axis  is 

JJij,  - iij  ■ r_  ■ ft  flu  J (2) 

r » r r r 

with 

flw_  ■ u_  - u.  (3) 

r r 0 

where 

ur^  ■ nominal  spinmotor  rotor  speed 

■ variation  in  Che  rotor  speed  from  nominal 

r_  3 rotor  spinmotor  torque  designed  to  maintain  nominal  rotor  speed  (i.  e. , bold 

^ 0u_  at  null) 

r 

ftfluJ  • functional  operator  indicating  that  the  spinmotor  torque  is  a function  of  the 
^ deviation  of  the  rotor  speed  from  nomintl 


The  torque  on  the  float  assembly  (Ty  in  Kq.  (1))  is  composed  of  three  termst  viscous  flotation- 
fluid  torques  due  to  rotation  rates  of  the"^ float  about  the  float  axis  relative  to  the  gyro  case;  torques 
intentionally  applied  to  the  float  assembly  through  the  electromagnetic  torque-generatorj  and  unwanted 
torques  due  to  imperfections  in  the  gyro  from  its  idealized  theoretical  configuration 

Ty  = -ce  + + Tg  (4) 


where 

C =>  viscous  torque  coefficient 

0 = angle  of  the  gyro  relative  to  the  gyro  case  (that  would  be  sensed  by  the  gyro 

8 ignal-generator  / plckoff) 

= applied  torque-generator  torque 

Tg  = unwanted  error-torque 


The  torque-generator  torque  in  Bq.  (4)  is  defined  in  terms  of  the  input  axis  (x)  processional  rate  it 
is  intended  to  generate  (a  torquer-input  command-rate)  with  an  associated  torquer  scale-factor  error 
(the  error  in  realizing  the  torquer  command-rate) 


O To 


Ho 

(TRWt 


(5) 


where 

° nominal  gyro  angular  momentum 

• intended  torque-generator-induced  precesalonal  rate 

e » torque-generator  (and  associated  electronics)  scale-factor  error 

The  unwanted  error-torque  in  Kq.  (4)  is  equated  to  a bias  rate  which  is  defined  as  Uie  torque-generator- 
input  comnxand-rate  needed  to  nullify  the  effect  of  the  error  torque  on  the  float 

H 

where 

Wq  * gyro  bias  rate 


Hie  float  angular  rates  in  Eq.  (1)  can  be  related  to  angular  rates  along  nominal  gyro  axes*.  The  float  Is 
misaligned  from  Uie  gyro  case  by  the  plckoff  angle  {$)  and  Die  gyro  case  n<ay  be  misaligned  from  Uie 
nominal  gyro  axes  (duo  to  Imperfections  in  the  gyro  mounting  surfaces  and  &e  gyro-system  mounting), 
hence 


“x  “ “iA  ySBA^OA  * <yOA  “SIlA 
“y  * “OA  ’'lA“snA  * '>'SRA“lA  ^ 
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where 


lA.OA^SRA 


nominal  gyro  axes  (lA  > input  axis,  OA  * output  axis,  SRA  ■ spin- 
rsference  axis.  Figure  1) 


‘^•“0A*'^SRA 


angular  rates  of  the  gyro  about  the  nominal  gyro  axes 


’'tA*’'oA'’'SllA 


mlsallgnmenta  of  the  gyro  case  axea  relative  to  nominal  gyro 

axes 


(7) 


i 


^Nominal  gyro  awa  are  defined  as  the  gyro  axis  orientation  assumed  in  tiie  strapdown  system 
computer. 


Eq.  (3)  through  (7)  are  now  substituted  into  Eq.  (1)  to  obtain  the  Input/output  equation  for  the  single- 
degree-of -freedom  floated  rate-integrating  gyro.  After  neglecting  higher-order  effects  and  rearranging, 
the  result  is 


= (1  + e) 
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(8) 


The  associated  equation  for  the  6u^  spinmotor  rate  variation  is  similarly  obtained  from  Eq.  (2)  and  (3) 
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(9) 


Equation  (8)  shows  that  the  command  rate  (u-p)  input  to  the  gyro  torque  generator  is  proportional  to  the 
gj^o  input  rate  (ula).  plus  dynamic  and  cross-coupling  effects,  the  principal  one  being  the  C6  term. 

TOe  integral  of  Eq.  (8)  can  be  rearranged  to  show  toat  the  pickoff  angle  (0)  is  principally  proportional  to 
the  integral  of  the  difference  between  the  torque-generator  command  rate  and  the  gyi^>  input  rate. 

Ihe  floated  rate-integrating  gyro  can  be  utilized  in  two  basic  modes  of  operation:  open  loop  and 
closed  loop.  For  open-loop  operation,  the  gyro  pickoff  angle  (0)  is  used  to  measure  single-axis  attitude 
variations  from  nominal  of  a platform  to  which  the  device  is  mounted.  The  nominal  attitude  is  the  inte- 
gral of  the  command-rate  (u-p).  For  such  applications,  the  platform  attitude  about  the  gyro  input-axis 
is  controlled  (e.  g. , by  servomotors  in  the  case  of  a gimbaled  inertial  navigation  platform)  to  maintain 
the  gyro  pickoff  angle  at  null.  TTie  platform  can  then  be  made  to  rotate  at  a specified  rate  about  the 
input-axis  by  torquing  the  gyro  with  u-p  equal  to  the  desired  rotation  rate.  The  platform  controller  will 
drive  the  platform  to  maintain  0 at  null,  thereby  driving  wiA.  the  platform  rate,  to  equal  wp  in  the  inte- 
gral sense. 

Ihe  closed-loop  mode  of  operation  is  utilized  in  strapdown  applications  where  ihe  gyro  is  used  to 
sense  input  rate.  In  the  closed-loop  mode,  U:e  gyro  is  electrically  caged  by  generating  a command  rate 
into  the  torque-generator  to  maintain  tlie  pickoff  angle  0 at  null.  Ftgure  3 Is  a block  d^higram  of  Eq.  <8) 
and  (9)  illustrating  d'.ls  concept.  Prom  the  block  diagram  it  should  be  apparent  that  for  proper  dynamic 
characteristics  designed  into  tl»e  gyro  torque-generator  electronics,  the  pickoff  angle  can  be  main- 
tained near  null  with  the  resulting  torque-generator  command-rate  (uj)  becoming  proportional  to  the 
input  rate  (um)  Uie  integral  sense  (plus  additional  error  terms).  Tne  bandwldUi  (or  dynamic  retponte 
time)  of  the  rnstrument  (output  u-r  compared  to  Input  uja)  is  determined  by  the  gain  and  form  of  the 
command-electronics  mechaniaauon,  Several  approa^es  are  possible  as  described  In  SeoUoo  4. 

17)0  Input-error  terms  in  Figure  3 tliat  corrupt  the  accuracy  of  the  g^  in  measuring  u]  are  the 
mectianical  misalignment  errors  (ym  and  y^^),  U)e  float-to-case  misaiignm  nt  angle  error  (9),  output- 
axis  angular  acceleration  (O^utK  amsolnerlia  ejects  (J-  - spinmotor  loop  dynamics  (f(flwr)^  torque- 
generator/ electronics  scale-factor  error  (e),  ana  gyro  bias  errora  (wjj).  The  flbat-to-case  misalign- 
ment error  is  caused  by  signal-goneratorypickoff  angle  bus  (pickoff  niiU  different  from  0 null),  and 
dynamic  effects  in  the  torque  loop.  (12)  Hie  anisoinertia.  aplnmcior  dynamic,  and  angular  acceleration 
effects,  as  well  as  t))c  bandwidth  Umitaiions  of  U>o  device  (which  impacts  ll)e  pickoff  misalignment  error), 
are  design  llmllatlons  Intrinsic  to  the  basic  gyro  concept.  Ute  remaining  errors  (mechanical  misatign- 
menl.  plokoff-angle  detector  bias,  scale-factor  error,  and  bias  error)  are  caused  by  imperfections  In 
U)e  gyro  that  deviate  from  Uie  theoretically  perfect  design. 

A typical  model  of  the  scato-factor  error  for  tiw  floated  gyro  in  Ihe  strapdown  closed-loop  mode  of 
operation  Is  given  by 


where 

■ basic  "fixed”  scale-factor  error 

«,  ■ scale  fai  lor  asymmetry  error  (positive  scale  factor  different  ftxun  negative 
* scale  factor) 

Cj,  Cj  * lUiearity-error  effccls  Utat  modify  Utc  scale-factor  error  under  high  rates 


(10) 


ITtc  scale-faelor-llncartty  errors  are  functions  of  Die  terque-ioop  mechanization  approach  utilized,  and, 
for  a permanent-magnet  torque-generator,  the  tightness  of  the  torquing  loop  (ability  to  minimize  pickoff 
angle  movement  which  could  produce  variations  in  Ihe  clectronn^etic  interface  between  the  0to- 
torquer-coil  and  lorquer-megncts).  The  presence  of  the  Cj  coefficient  d''!H!nds  on  the  lorque^oop  elec- 
tronics imptemenution  utilized  (see  .Section  4. ).  If  the  term  exists,  it  can  be  particularly  iroublesotne 
due  lo  its  ability  to  rectify  low  rate  oscillatory  inpuis  (such  as  vehicle  limit-cycling).  Tl'e  coefficient 
is  dependent  on  the  torque-generator  lemperaturu  (due  principally  lo  lorquer  magnetic-field-strengih 
thermal  Sensitivity),  and  to  scale-factor  error  ui  tiie  lOrque-toof)  cleclrtwics. 


The  ug  bias  error  includes  several  effects  associated  with  manufacturing  tolerances  and  electro- 
mechanical instabilities.  A typical  error  model  for  the  bias  is  illustrated  by  Eq.  (11) 


“B  “ * ®1  ^lA  ^ % ^SRA  B3  ‘‘lA  "^SRA 

where 


(11) 


lA'  *SRA 


B, 


0 


accelerations  of  the  gyro  along  the  input  (lA)  and  spin-reference  (SRA)  axes 
g-insensitive  bias  error 


B.  = g-sensitive  bias  coefficient  created  from  gyro  float  mass  unbalance  (relative 
to  the  gimbal  pivots)  along  the  spinmotcr  ax-s,  (A  principal  error  source 
in  this  regard  is  movement  of  the  rotor  along  the  spin  axis  due  to  spinrootor 
bearing  compliance. ) 

B„  « g-sensitive  bias  coefficient  created  from  float  mass-unbalance  along  die 
input  axis 

B,  = anisoolastic  bias  error  coefficient  created  by  unequal  compliance  of  the  gyro 
float  assembly  along  the  input  and  spin  axes 

n = zero-mean  random  bias  term  representable  is  a stochastic  noise  process 


For  the  floated  rate-integrating  gyro,  die  Bo  term  is  typically  caused  by  residual  flex-lead  torques, 
residual  diermal  gradients  across  die  gyro  that  produce  flotation-fluid  flow  around  the  float  assembly, 
magnetic  torques  on  the  float  assembly  caused  by  eddy  current  fields  from  the  gyro  case  (generated  from 
stray  spinmotor  fields  entering  the  case),  pivot  torques  due  to  off-nominal  flotation  in  gyros  without 
magnetic  suspensions  (caused  by  fluid  temperature  variations  am)  float  manufacturing  tolerances),  pivot 
stiction  due  to  pivot  reaction  torque  under  gyro  rotations  about  the  output  axis  (the  torque  needed  to  pre- 
cess  die  float  about  the  input  agis),  and  torque-loop/ pulsc-clectronics  bias  crroro  (for  binary  torque- 
loops.  or  analog  torque-loops  with  follow-up  analog-to-digital  conversion:  see  Section  4). 

Random  noise  is  created  by  sera  mean  instabilities  in  the  gyro  that  have  abort  correlation  limes 
(i.  e. , minutes  or  less).  Examples  are  variations  in  die  g-inscnsttive  bias  due  to  variations  in  pivot 
friction,  and  variations  in  the  g-sensitive  bias  due  to  random  movements  of  the  rotor  along  the  apin  axia. 

hi  general,  the  B and  c coefficients  in  Bq.  (10)  and  (U)  have  predictable  ami  impredictable  compo- 
nent*. "Hie  predictable  components  can  be  measured  a priori  and  used  in  die  inverse  sense  to  correct 
(compensate)  the  gyro-output  data  (typically  in  Ihe  system  compuler  where  die  gyro  tlaia  is  input).  Hie 
D.  ( coefficients  can  be  modeled  in  the  computer  as  simple  cotislanls,  or  in  the  more  sofihisticated 
appUcaUon*.  can  include  predictable  lemperaiure  i.’uriaUens  as  funeiions  of  sensor  temjierature  measure- 
ments. llte  degree  lo  which  ihe  measured  eoeffleicnl*  characterise  the  actual  gyro  error*  la.  in  generaU 
a function  of  time,  temperature/ vibration  exposure,  input  profile,  and  number  m device  tum-ons.  The 
time  period  for  wtiich  the  measured  coefficients  accurately  characleriae  the  gyi^o  constitutes  the  long- 
term subility  bf  (he  gyro  atsd  its  associated  calibral'^  interval  (lo  remeasure  and  cartel  the  error 
coefficients). 

rhe  dynamic  errors  in  Figure  9 can  also  be  compensated  in  the  same  manner  as  die  bias  and  scale- 
factor  errors  within  the  Handwidih  limitations  of  the  uncompensated  sensor-oulput  signals  (the  signals 
utilised  in  die  system  computer  sensor-compensation  models).  With  regard  to  bandwidih  Umiiatisns 
of  dytamic  compensation,  the  anlsuinertia,  spinmotcr  dynamic,  and  pichoff  rngte  dynamic  cross-coupling 
offsets  can  be  f»rlicularly  troublesome  because  of  Uteir  ability  to  rectify  high-frequency  inputs  about  the 
spin  and  input  axes  (13)  ( a simibir  tiroblem  exists  for  die  anlsoetastic  bias  error).  The  pickoff -angle 
crosa-couptitg  recliflcetlon  error  is  caused  by  the  torque-loop  bandwidth  limitation  through  the  dynamic 
servo  error  (d)  generated  under  high-frequency  input-axis  angi  ‘ar-rale.  end  the  resullin|  cross-coupling 
of  spin-axis  rate  into  the  gyro  output  (see  Figure  9).  Compensation  for  spimnoior  effects  can  have  audi- 
lionat  inaccuracies  because  of  dm  difficulty  in  accuratety  modeling  Uie  molor-speed  eontrot-toop  dytiamtcs. 


3. 3 Fcrformance  and  Application  Areas 

.limplified  tow-cost  versions  of  the  floated  gyro  have  been  aueceasfuUy  uUtixed  in  tactical  missile  and 
spacecraft  booster  gui'l  >'  ce  applications  where  the  Alllvfl  sensor  figurca  fro'^  Table  I are  represetliative 
of  gyro  lierformance  requiremenia.  Examples  are  the  midcourse  systems  employed  on  the  Harpoon  and 
:Standard  IMissile-3  tactical  misailes.  the  booster  inertial  guidance  systems  on  the  Ag-oa  and  Delta  Utmeh 
\-ehicles.  the  bachup  guidance  system  ulitiaed  in  ilw  Apollo  t.unar  ht^utc,  and  the  guidance  and  naviga- 
tion sysiem  utilized  in  the  Fr‘**'e  Reentry  Vehicle  (the  first  ntmdeveloptbental  strapdown  guidance  s^.^tem 
application).  To  the  author's  Knowledge,  floated-gyro  (lerformance  consistant  with  tbble  1 l-nmi/hr 
strapdown  navigator  requirements  has  yet  to  be  demonstrated  in  a statistically  %«alid  system  flight  lest. 
Results  V flight  tests  conducted  in  1965  at  Holloman  Air  Force  ttase  on  a Honeywell  system  using  high- 
quality  floated  gyros  yielded  3-  to  4-»tnifhr  CEH  unaided  petTo.*mance.  (31)  These  results  are  not  necea- 
sarily  representative  of  what  is  aiiainable  with  today's  technologyi  however,  sceptics  believe  that  1-mni/ 
hr  accuracies  for  ftoaied  tale-integrating  gyro  strapdown  syiitems  are  not  quite  achievable  with  reeson- 
ably  priced  instruments.  * Farliculars  regarding  the  capability  of  tiie  floau^  gyr^-  m meeiiag  the  Table  I 
aensor  requirements  are  discusaed  in  Ute  following  paragraphs. 


ftome  floated  gyro  enihusiasu  believe  Dial  the  more  aophislicaled  abuiludown  Doated  gyro  configurationa 
can  meet  l-nmi/hr  navigation  syatem  requiremenia.  Flea ud  gyro  mamdacturers,  however,  are  not 
promoting  the  use  of  th^se  instruments  today  for  l-nti'.i/hr  strapdown  applications  because  ot  their 
higher  cost  a.id/or  performance  defcsiencies  (in  Ihe  case  of  Ute  tower  cost  units)  compared  lo  the  other 
avSitahle  strapdown  gyro  types. 


The  bias  error  for  the  floated  rate- integrating  gyro  (both  g-sensitive  and  g-insensitive  effects)  has 
long-term  trending  characteristics  that  require  •alibration  to  achieve  high-accuracy  performance  com- 
patible with  Table'l  INS  requirements.  Thermal  effects  on  the  bias  error  are  significant,  and  difficult 
to  accurately  model  for  compensation  (e.  g.,  pickoU  null  movement  and  associated  flex-lead  error- 
torque  variations;  spinmotor  axial  shifts  due  to  motor-bearing  preloai  variati  .ns;  and  off-nominal  fluid 
temperature,  hence  off-nominal  flotation,  a problem  for  ncn-ma^etic  float  suspensions).  As  a result, 
thermal  controls  are  generally  required  to  achieve  nigh  i.-^uurac;^',  and  a warmup  time  penalty  is  in- 
curred. Care  must  be  taken  in  using  the  device  to  assure  tnat  input  vibration  levels  and  vector  direction 
(linear  and  angular)  do  not  rectify  the  dynamically  sensitive  bias  terms  (anisoelasticity,  anlsolnertla, 
spinmotor  dynamics,  pickoff  angle  dynamic  response  error)  beyond  application  performance  limits.  An 
unfortunate  aspect  of  the  latter  consideration  is  that  vibration  profiles  at  the  sensor  or  even  system 
level  are  difficult  to  obtain  during  the  development  cycle  (particularly  regarding  angular  vibrations  and 
linear-vibration  vector  direction).  Computer  compensation  can  be  employed  to  reduce  dynamic  errors 
for  low-frequency  inputs  (within  the  bandwidth  of  the  sensor  torque  loop). 

Increasing  angular  momentum  Cto  reduce  bias  error,  see  Eq,  (6)]  also  creates  additional  error 
torques  on  the  float  due  to  stiffer  pivots  to  handle  the  increased- momentum  reaction- torque  loading 
under  output  axis  rotations:  a larger  float  assembly  (for  the  larger  spinmotor  and  larger  torque  gener- 
ator to  process  the  increased  angular  momentum)  with  an  associated  Increase  in  mass  unbalance,  float- 
case  electromagnetic- interraction  error  torques,  and  float- suspension  error  torques;  heavier  flex  leads 
for  the  larger  spinmotor:  and  (for  a permanent- magnet  torque- generator  with  float- mounted  coll)  heavier 
flex  leads  for  the  larger  torquer-coil  assembly.  The  net  result  is  that  increased  momentum,  has  only  a 
limited  capability  in  reducing  floated-gyro  bias  error,  and  sorue  form  of  regular  calibration  is  probably 
needed  to  achieve  the  long-term  stability  needed  to  meet  Table  1 INS  requirements.  A concept  such  as 
the  dual-speed  spinmotor  technique  (see  Section  2)  appears  necessary  for  conveniently  calibrating  these 
gyros  frequently  if  the  requirements  in  Table  1 are  to  be  met.  The  inability  for  this  calibration  technique 
to  separate  g-sensitive  from  g-insensitlve  errors,  however,  probably  restricts  the  floated  gyro  to  strap- 
down  applications  in  fairly  benign  flight  environments  if  unaided  1-nmi/hr  performance  is  to  be  achieved. 
For  lower-performance  applications  (such  « j the  AHRS  in  Table  1),  performance  requirements  are 
readily  achievable. 

Due  to  torque- generator  thermal  aensltlvltles  and,  in  the  case  of  the  permanent- magnet  torquer, 
aging  effects  in  the  torquer  magnet,  scale  factor  accuracies  in  torque-rebalance  instruments  (such  > 
the  floated  gyro)  are  generally  U nited  to  50  ppm.  Compared  tc  Table  1 requirements,  the  50-ppm 
limitation  places  a serious  hand. cap  on  torque-rebalance  gyros  for  high  performance  applications. 

Relative  to  the  1-ppm  low-rate  asymmetry  requirement  for  rate  gyros,  Honeywell's  experience  with  a 
GG1009H  floated  gyro  has  shown  that  this  performance  level  is  achievable  with  careful  design  practice. 

Due  tc  its  torque-rebalance  nature,  the  floated  gyro  has  a limited-bandwidth  input* rate-sensing  capa- 
bility. As  a result,  sensor-assembly  conlng-rate  vibration  frequencies  near  or  above  the  bandwldm  of 
chis  sensor  will  result  In  attitude  drift  errors  unless  the  vibration  levels  are  naturally  small  or  Intention- 
ally attenuated  (through  shock  mounts),  Honeywell's  experience  with  a strapdown  GO1009H  navigation- 
grade  floated  rate- Integrating  gyro  has  shown  that  80-Hz  bandwldths  are  easily  achieved,  Including  a 
factor  of  7 rise  In  torque-loop  stiffness  at  low  (0-5  Hz)  frequencli  s (I,  o.  lag-lead  compensation).  For 
most  applications,  this  bandwidth  level  Is  sufficient  to  meet  system  needs.  Care  must  bo  taken  In 
severe  vibration  applications,  however,  to  assure  tlmt  unanticipated  coning  offoots  will  not  constitute  a 
major  error  source. 

Alignment  stabilities  of  5 seconds  of  arc  (the  Table  1 x equlr  -.-.ent)  ntay  be  aohlctvablo  with  the  floated 
gyro,  but  not  wlthom  careful  design  work.  Mechanical  Instabilities  of  the  gyro-systom  mount,  glmbal 
pivot,  and  spinmotor  axis,  torque-loop  servo  errors;  and  pickoff  detector  null  shifts,  all  oontrlbuto  to 
the  alignment  error.  The  overall  alignment  error  must  remain  within  allowable  limits  for  several 
months,  over  thermal,  vibration,  angular  rate,  and  linear  acceleration  onvlronmonts  so  that  frequent 
calibration  Is  not  required.  Thermal  modeling  may  be  needed  to  compensate  for  pickoff  null  movomont. 

The  random  noise  from  the  floated  gyro  Is  generally  well  within  the  Table  I requ.romenta:  hence,  It 
does  not  constitute  a major  error  source.  The  required  rate  capability  Is  designed  Into  the  unit  (throu^t)' 
specification  of  the  angular  momentum  and  torque-gonorutor  design)  and,  os  such,  can  be  solooted  to 
meet  the  Table  1 requirements.  Higher  rate  requirements  Impact  gyro  accuracy  through  a larger  torque- 
generator  requirement  and  associated  bias  error  efrev..s  (e.  g. , moss  unbalance). 

Du''  to  the  need  for  thermal  controls  In  hlgh-aoour"cy  applications,  a warmup  time  delay  of  5 to  10 
minutes  Is  needed  to  allow  the  floated  gyro  to  come  up  to  temperature  and  stablllzo.  To  this  must  bo 
added  an  additional  5 r.  iuutos  for  calibration  (o.  g. , using  spinmotor  rcversol),  An  overall  warmup  time 
of  15  minutes  results  which  generally  Is  not  compatible  with  hlgh-pcrformanoo  system  requirements. 

For  the  lower- performance  applications,  gyro  accuracy  Is  aoooptublo  without  heaters  (or  the  output  accu- 
racy is  acceptable  during  gyro  warmup)s  hence,  the  "warmup"  time  limit  Is  the  time  for  spinmotor  run- 
up, which  is  typically  achievable  In  30  seconds. 


Another  reason  for  temperature  controls  In  high-performance  floated  gyros  la  to  maintain  nominal 
damping  characteristics  In  the  damping  fluid  tl,  e. , the  C-ooefflclsnt  In  1^.  (8)]  to  retain  nominal  dy- 
namic response  performance  In  the  torqi.e-rebalance  loop,  Typical  flotation  fluids  vary  their  damping 
oharaoterlstlos  significantly  with  temperature  and  lose  tholr  fluid  ohoraoterlstlos  at  low  temperatures, 
Meohanloal  ' wtoes  (e,  g. , orlfloe  dampers)  can  be  utilized  In  the  gyro  float-case  cavity  that  provide 
passive  control  of  damping,  and  achieve  high  damping  levels  with  thinner  fluids.  Unfortunately,  these 
devices  also  add  residual  error  torques  and,  tliereforo,  are  typically  utilized  in  only  the  tower- 
performance  a{^Uoatlcn  areas. 


Quantization  levels  achievable  with  the  floated  gyro  depend  on  the  torque- loop/pulse-electronlos 
Implementation  utilized  (see  Section  4)  which  can  be  selected  to  meet  Table  1 requirements. 


4.  TORQUE  LOOP  MECHANIZATION  APPROACHES  FOR  TORQUE- 
REBALANCE  INSTRUMENTS 

The  Implementation  of  the  torque  loop  for  torque- to-balance  Instruments  (such  as  the  floated  rate- 
integrating  gyro)  can  be  performed  using  either  of  two  basic  approaches;  digital  torque  rebalance,  or 
analog  torque  rebalance  with  follow-up  analog- to-dlgltal  conversion.  Both  concepts  are  Illustrated  In 
Figure  4, 


4. 1 Digital- Torque  Rebalance 


For  the  dlgital-rebalance  concept,  precision  time-amplitude  current  pulses  are  generated  and  gated 
into  t’-e  sensor  torquer  to  maintain  the  plckoff  angle  at  null.  Dynamic  analog  compensation  is  utilized 
In  the  torque  loop  (If  necessary)  to  provide  siutlclent  v/ide-bandvvldth  stable  performance  (plckoff  angle 
maintained  at  null  under  expected  dynamic  input- rate  conditions). 

Each  current  pulse  Input  to  the  torque  generator  has  the  same  time- amplitude  content;  hence,  the 
Integral  per  pulse  of  the  current  Into  the  torquer  Is  fixed.  This  corresponds  to  an  equivalent  Integral 
quantum  of  Input  data  to  tiie  sensor  (Input  rate  In  the  case  of  a gyro)  that  caused  the  pulse  to  be  generated 
(thj*ough  the  forwftrd  plchoff/current-coniniand  loop).  HoncOi  the  occurrence  of  si  rebalance  pulse  pro* 
vldes  a digital  indication  (to  the  system  computer)  that  (for  a gyro)  the  device  has  been  rotated  through 
a known  fixed  quantum  of  angle  about  Its  Input  axis.  For  an  accelerometer,  the  pulse  occurrence  repre- 
sents a fixed  Incremautal  velocity  change.  Implementation  approaches  for  the  pulse  command  logic  vary 
depending  on  sonsor-applioatlon  requirements.  In  general,  two  methods  are  possible:  pulse-on-demand 
and  binary  torqulng. 


For  the  pulso-on-demand  concept,  a pulse  Is  only  Input  to  the  torquer  when  it  Is  needed  to  drive  the 
analog  Input  to  the  pulse-command  logic  toward  null.  Otherwise,  the  torquer  current  is  maintained  at 

DIGITAL  REBALANCE  APPROACH 


analog  H£balance  approach 


Figure  4.  Tiorque-rebaUnce-lxwp  concepts. 


zero.  Figure  5 Illustrates  two  commonly  used  methods  for  implementing  the  pulse-on-demand  logic. 

For  the  approach  at  the  top  of  Figure  5,  a pulse  Is  issued  when  the  analog- input-signal  magnitude 
exceeds  a specified  threshold,  ^ter  the  threshold  is  eocceeded,  pulses  are  generated  at  a constant  rate 
into  the  sensor  torquer  v/ith  a phase  sense  (plus  or  minus)  to  drive  the  input  signal  (through  the  sensor 
response)  below  the  threshold  limit.  The  pulse  size  is  set  so  that  for  the  pulse-frequency  capability  of 
the  cur-rent-pulse  generator,  sufficient  current  is  generated  through  the  torquer  to  maintain  sensor  pick- 
off  null  capture  under  maximum  sensor-input  conditions.  For  each  pulse  transmitted  to  the  torquer,  a 
pulse  is  output  to  the  system  computer  to  Indicate  that  an  Incremental  change  in  the  sensor  input  has 
occuvred  and  has  been  rebalanced  electrically. 

For  the  approach  in  the  lower  half  of  Figure  5,  pulses  are  generated  into  the  torquer  at  a rate  (fre- 
quency) proportional  to  the  analog-signal  input  level.  The  pulse  size  for  this  approach  is  also  set  to 
hold  the  plckoff  at  null  under  maximum  input  conditions  for  which  the  voltage-to-pulse-frequency  con- 
verter generates  its  maximum  output  pulse  frequency. 

In  general,  the  tradeoff  between  the  two  pulse-on-demand  logic  approaches  in  Figure  5 hinges  on  the 
effective  bandwidth  in  the  overall  sensor  torque  loop  versus  the  torque- loop  accuracy  under  zero  and 
dynamic  input  conditions  (off-null  plckoff  angle,  which  leads  to  cross-coupling  errors  (see  Figure  3),  and 
pulse  limit-cycling,  which  Indicates  erroneous  attitude  oscillations  to  the  system  computer). 

For  the  binary  pulse-command  logic  approach,  constant-amplitude  pulses  are  applied  to  the  sensor 
torque-generator  at  a constant  rate.  The  percentage  of  positive  (compared  to  negative)  pulses  is  con- 
trolled to  balance  the  sensor  input.  Figure  6 Illustrates  two  common  binary-torqulng  configurations: 
flxed-pulse-width  torqulng,  and  pulse-width-modulated  torqulng. 
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Figure  S.  Fulse-on-demand  torquer-ourrent  comnund-legic  coacepU. 


For  the  binary  fixed- pulse- width  concept,  constant- amplitude  constant-width  pulses  are  continuously 
gated  into  the  torque  generator  in  the  positive  or  negative  sense,  depending  on  the  phasing  of  the  input 
signal  to  the  command  logic  (see  Figures  4 and  6).  With  no  input  to  the  sensor,  the  pulse  logic  estab- 
lishes a torque- loop  limit-cycle  condition  In  which  half  the  pulses  delivered  to  the  torque  generator  are 
positive  and  half  are  negative  (1.  e. , no  net  torque  is  delivered  on  the  average).  When  an  Input  Is  applied 
to  the  sensor,  a larger  percentage  of  pulses  is  generated  with  phasing  that  balances  the  sensor  Input, 

The  average  difference  between  the  positive  and  the  negative  pulses  delivered  per  unit  time  becomes 
proportional  to  the  sensor  input,  and  the  average  pulse-count  (positive  minus  negative)  becomes  propor- 
tional to.  the  Integral  of  the  sensor  Input,  The  pulse  size  is  established  so  that  for  the  torque- loop  pulse- 
frequency  utilized,  sufficient  current  is  generated  under  maximum  sensor  input  conditions  to  balance  the 
sensor  Input, 

For  the  binary  pulse-width-modulated  torque  loop  approach  (59)  (Figure  6),  a constant-frequency,  con- 
stant-amplitude variable-width  square-wave  is  generated  by  the  torque- command  electronics,  with  the 
difference  between  the  plus  and  minus  wave  widths  proportional  to  the  input  to  the  command  logic  (see 
Figure  4).  The  variable-width  square  wave  is  edge- synchronized  with  a high-frequency  clock,  and  then 
used  to  gate  a precision  constant  current  Into  the  sensor  torque-generator:  positive  for  the  positive 
cycle  of  the  square- wave,  negative  for  the  negative  cycle.  Thus,  the  average  current  Into  the  torquer 
becomes  proportional  to  the  difference  between  the  square-wave  positive  and  negative  wave-widths,  and 
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Figure  6.  Bituiry  torquer-curront  command-logic  concepts. 


thereby  proportional  to  the  command- logic  input  signal.  During  the  time  that  positive  current  is  being 
commanded,  the  high-frequency  pulse  clock  is  gated  as  the  gyro  pulse  output  along  the  positive  output 
line,  and  conversely  for  negative  current.  Since  the  torqulng  current  square  wave  is  edge  synchronized  a 
with  the  high-frequency  clock,  the  total  time  period  for  a current  pulse  (positive  or  negative)  into  the 
torquer  is  proportional  to  an  integral  number  of  high-frequency  pulse  counts.  As  a result,  each  high- 
frequency  pulse  represents  a quantum  of  known  integrated  torquer  current-time  (the  high-frequency 
clock  period  times  the  torquer  current).  By  counting  the  positive  minus  the  negative  high-frequency 
pulses  in  the  system  computer  over  each  square  wave  cycle  (a  count  synchronizer  is  needed;  see  Fig- 
ure 6),  a fine  resolution  measure  of  integrated  sensor  input  is  obtained. 

An  advantage  of  the  binary  pulse-width- modulated  concept  compared  to  the  pulse-on-demand  or 
binary  flxed-pulse-width  approaches  is  that  finer  pulse  size  (resolution)  is  achievable  with  the  former. 

The  pulse  size  for  each  concept  is  determined  by  the  maximum  torqulng  rate  divided  by  the  maximum 
pulse  frequency  (at  maximum  rate).  For  the  binary  pulse- width- modulated  concept,  the  maximum  out- 
put-pulse  frequency  is  established  by  the  pulse  clock,  and  is  Independent  of  the  torqulng  pulse  frequency 
Ust^llshed  by  the  square-wave  period;  see  Figure  6).  For  example,  for  a 400-degree-per-second 
maximum  rate  requirement  and  a 1-MHz  pulse  clock  (not  untypical),  the  pulse  size  is  400  x 10*6  d^rees 
or  1. 5 sec  of  arc.  For  the  pulse-on  demand  or  binary  fixed-pulse-wldth  concepts,  the  output  and  torquer 
pulse- frequencies  are  equivalent  since  both  are  generated  from  the  same  source  (the  pulse  clock  in 
Figures  5 and  6),  As  a result,  the  output-pulse  frequency  must  be  limited  to  the  maximum  frequency 
for  which  torquer-current  pulses  can  be  accurately  generated  (a  function  of  electronic  delays,  inductive 
torquer-coll  transients,  and  the  current  levels  needed  for  the  particular  torque-generator  design).  For 
strapdown  gyros,  5 KHz  is  a typical  maximum  torque- rebalance  pulse-frequency.  For  strapdown  accel- 
erometers, higher  pulse-torqulng  frequencies  are  attainable  due  to  the  lower  current  levels  Involved 
(e.  g. . 20  IGlz).  Hence,  the  pulse  resolution  for  the  pulse-on-demand  or  binary  fixed-pulse-wldth 
schemes  is  generally  one  to  two  orders  of  magnitude  coarser  than  for  the  binary  pulse-width- modulated 
approach  for  the  same  maximum  torqulng-rate  capability.  Finer  resolution  can  be  achieved  with  the 
pulse-on-demand  or  binary  fixed-pulse-wldth  approaches  by  switching  to  a lower  current  level  under  low 
sensor  input  conditions,  a design  complication  that  still  does  not  provide  fine  resolution  at  high  sensor 
Inputs  if  required.  Alternatively,  the  residual  analog  signal  on  the  sensor  output  can  be  sampled  and 
brought  Into  the  system  computer  through  an  analog-to-dlgltal  converter  as  a correction  to  the  sensor 
pulse  count  accumulated  in  the  computer.  The  accuracy  of  this  technique  is  limited  by  the  error  (princi- 
pally scale  factor)  of  the  sensor  slgnal-generator/pickoff,  generally  a poor-quality  signal  for  high- 
accuracy  attitude  measurement. 

Another  advantage  for  the  binary  torqulng  schemes  is  that  total  current  load  into  tlie  sensor  torque 
generator  is  maintained  at  a constant  value  (sum  of  absolute  positive  and  negative  current),  hence,  the 
thermal  effect  on  the  sensor  torquer  Is  constant.  Since  torquer  dcale-factor  accuracy  is  a function  of 
torquer  temperature,  operation  at  a constant  thermal  load  condition  tends  to  minimize  torquer  scale- 
factor  variations  duo  to  thermal  gradient  loading.  For  the  pulsc-on-demand  Implementation,  since  aver- 
age current  delivered  to  the  torquer  Is  proportional  to  Input  rate,  torquer  heating  becomes  proportional 
to  Input  rate,  and  thermal  transient  scale  factor  variations  can  be  Introduced  as  a function  of  sensor 
Input.  Torquer  scale-factor  tomperaturc-orror  effects  can  be  compensated  to  some  extent  by  Installing 
a thermal  detector  In  the  sensor  torque  generator  and  using  the  output  signal  to  correct  for  device  scale- 
factor  variations  (oltlior  olcotronloally  In  the  actual  sensor,  or  Uirough  software  In  the  system  computer). 
The  technique  can  bo  utilized  In  uidioatod  sensor  applications  to  Improve  performance  (for  bot);  pulse-on- 
demand  and  binary  torque  loops).  It  also  partially  compensates  for  the  added  titernral  transient  error 
tliat  occurs  for  ttie  pulsc-on-domand  schonie  under  dynamic  Input  conditions, 

Tho  prinot|>al  disadvantage  of  tltc  binary  rebalance  scheme  Is  the  need  to  operate  continuously  at 
maximum  positive  and  negative  current  loads  into  tho  torquer,  oven  at  zero  sensor-input  conditions.  As 
a result,  the  torque- loop  scale-factor  symmetry  (plus  compared  to  minus  current /torque  transfer)  must 
bo  extremely  accurate  to  avoid  gonoratlt;g  a not  targe  bias  eri'or.  For  example,  for  a gyro  torque  loop 
designed  to  handle  a 400-dog/sec  Intxit  rate,  a 1-ppm  asymmetry  results  In  an  equivalent  bias  error  of 
400  X 10*6  X 3G00  or  1.4-dcg/lu‘  under  zero  in])Ut-rato  conditions. 

Tho  advantage  of  digital  rebalance  schemes  in  getteral  (either  pulse-on-demand  or  binary)  compared 
to  tho  analog  rebalance  approach  discussed  In  Section  4. 2 is  tltat  tlto  torquer  current-pulse  waveforms 
have  two  fixed  shapes  (|)ositlve  or  negative  pulse  or  squure-wavo),  independent  of  Ute  average  torqulng 
rate.  As  a result,  torquer- linearity  error  effects  [tho  cj,  C3  terms  In  Bq,  (10)] are  largely  absent. 

Caro  must  stilt  bo  taken,  however,  for  tho  pulsc-on-demand  implementation  to  assure  that  die  £(  asym- 
metry error  is  small  (a  function  of  Uio  positive  and  negative  torquer-current  etootronlos  design  match) 
so  that  normal  low-levol  oscillatory  sensor  Inputs  wilt  not  rectify  Into  a bias  error.  For  tho  binary 
torque- loop  sohomos,  the  ci  symmetry  Is  not  an  error  source  (toiquo-loop  asynunetry  generates  the 
bias-error  effect  described  In  the  previous  paragrapli). 


4.2  Analog  Torque- ttobalanco  with  Follow-Up  Analog-to«DlgUal  Conversion 

llie  attornatc  to  digital  rebalance  is  capture  of  the  sensor  oloment  with  an  analog  torque  loop  (Fig- 
ure 4) . II1C  analog  current  into  Uic  torque  generator  becomes  a continuous  measure  (In  the  Integral 
sense)  of  sensor  input.  To  develop  the  incremental  pulse  signals  required  by  tho  computer,  a digitizer 
circuit  is  utilized.  Tho  digitizer  clroult  Integrates  the  analog  Input  signal  from  tho  torquer,  and  Incre- 
mentally rebalances  the  Integrator  with  fixed  current-time  (or  voltage-time  depending  on  Implementation) 
Increments  to  maintain  the  integrator  output  at  null.  For  each  rebalance  pulse  Issued  to  the  Integrator, 
an  output  pulse  Is  Issued  to  the  system  computer  Indicating  Uiat  a known  increment  of  Integrated  torquer 
current  has  been  accrued:  hence,  Uio  Integral  of  the  sensor  Input  lias  also  Incremented  by  a known  value. 
Ttie  digitizer  clrault  Is  typically  Implenientcd  In  much  the  same  manner  as  the  putse-on- demand  digital 
torque- loop  scheme  at  the  top  Figure  5,  with  Uie  digitizer  electronic  Integrator  operating  os  the  sensor 
docs  In  Figure  5. 


An  advantage  of  the  analog-torqulng  loop  approach  Is  that  wider  bandwidth  performance  is  easily 
achieved  and  tighter  sensor  nulls  can  generally  be  held  compared  with  the  dlgltal-rebalance  schemes 
where  continuous  off-null  oscillatory  operation  Is  produced  through  the  pulse-torqulng  (1.  e, , the  sensor 
plckoff-angle  is  nulled  within  a pulse).  In  addition,  the  design  of  the  dlgltal-rebalance  portion  of  the 
digitizer  can  be  simplified  by  operating  at  lower  maximum  current  levels  (through  sealing  of  the  Inte- 
grator Input),  a technique  that  Is  prohibitive  with  digital  rebalance  where  the  torquer  current  to  sustain 
sensor- element  capture  must  be  maintained  by  the  digital  pulses.  Another  advantage  for  analog  torqulng 
Is  that  the  design  erf  the  sensor  torque- loop  electronics  Is  simplified  and  essentially  uncoupled  from  the 
more  sophisticated  digital-pulse  circuitry.  As  a result,  the  design  of  the  digitizer  can  be  accomplished 
independently  from  the  sensor  and  a common  digitizer  design  configuration  may  be  compatible  with  sever- 
al different  sensors  (e.  g. , the  gyros  and  accelerometers  In  a system,  or  different  manufacturer  designs 
for  one  class  of  sensor  in  multiple- source  procurements). 

Disadvantages  of  the  analog-rebalance  concept  are  the  added  error  (particularly  bias)  associated 
with  the  digitizer,  and  the  sensor  scale-factor  errors  associated  with  high- rate  linearity  and  torquer 
heating  as  a function  of  Input  magnitude.  Regarding  the  bias-error  effect,  the  state  of  the  art  In  analog 
circuitry  has  progressed  to  the  point  where  low  bias  accuracies  (relative  to  sensor  bias)  can  be  achieved 
with  careful  design  practice.  Regarding  the  scale-factor-error  effects,  dynamic  compensation  can  be 
utilized  to  virtually  eliminate  the  scale- factor- linearity  error.  Thermal  transient  error  can  be  elimi- 
nated to  a degree  by  thermal  measurement  and  modeling,  the  adequacy  depending  on  the  dynamic- rate 
environment  and  accuracy  requirements  for  the  particular  application.  Since  mechanization  approaches 
for  the  digitizer  parallel  those  for  the  pulse-on- demand  dlgltal-rebalance  concept,  tradeoffs  associated 
with  resolution  capabilities  also  apply.  It  should  be  noted  that  the  rescaling  technique  utilized  with  pulse- 
on-demand  torqulng  (similarly  applicable  to  the  digitizer  to  Increase  resolution  under  low  input  condi- 
tions) also  reduces  the  effective  digitizer  bias  error  under  low  rate  conditions  (due  to  rescaling  of  the 
digitizer  Input-signal  relative  to  me  sensor  rebalance  current  and  digitizer- Integrator  input-offset  cur- 
rent or  voltage).  In  the  case  of  a digitizer  based  on  current  input  (utilized  to  reduce  Integrator  bias),  a 
current-input  rescaling  may  be  required  under  high  input  conditions  due  to  limitations  In  low-drift  elec- 
tronic Integrator  amplifiers  to  absorb  the  total  torquer  current  from  the  sensor. 


5.  TUNED-ROTOR  GYRO 

The  tuned-rotor  gyro  (22,  23,  24,  25,  26)  is  the  most  advanced  gyro  in  large-scale  production  today 
for  aircraft  l-nml/hr  glmbalod  platforms.  Due  to  its  simplicity  (compared  to  too  floated  rate- integrating 
gyro),  the  tuned-roto  gyro  Is  theoretically  lower  In  cost  and  more  reliable.  A drawing  of  a representa- 
tive tuned- rotor  gyro  Is  presented  In  Figure  f.  Figure  8 la  a schematic  illustration  of  toe  gyro  rotor 
assembly. 

The  gyro  consists  of  a momentum  wheel  (rotor)  connected  by  a flexible  glmbal  to  a case-fixed 
synchronous-hysteresis  ball-bearing  splnmotor  drive  shaft.  The  glmbal  Is  attached  to  too  motor  and 
rotor  through  members  that  are  torslonally  flexible  but  laterally  rigid,  A two-axis  varlablo-reluotanoe 
slgnat-gonerator/plckoff  Is  Included  that  measures  the  angular  deviation  of  toe  rotor  (In  two  axes)  rela- 
tive to  the  ease  (to  which  the  nuitor  Is  attached).  Also  Included  is  a two-axis  permanent- magnet  torque 
generator  that  allows  the  rotor  to  be  torqued  relative  to  toe  case  on  ourront  oommand,  The  torquer 
magnets  are  attached  to  the  rotor,  and  tiie  torquer  coils  are  attached  to  the  gyro  ease. 

As  for  all  angular- momentum- based  rate-sensing  devices,  the  key  design  feature  of  toe  gyro  Is  the 
moans  by  which  It  can  contain  too  reference  momentum  (Die  spinning  rotor),  without  Introducing  torques 
(drift  rates)  in  t)io  process.  For  tho  tuned-rotor  gyro,  the  meUtod  is  linked  to  the  dynamic  effect  of  toe 
flexible  glmbal  attachment  between  toe  rotor  and  toe  motor.  Geometrical  rcasonlttg  reveals  that  when 
the  rotor  Is  spinning  at  an  angle  that  deviates  from  the  motor-shaft  direction,  too  glmbal  Is  driven  Into 
a oyollo  oscillation  In  and  out  of  tho  rotor  plane  at  twice  toe  rotor  frequency.  Dynamic  analysis  stwws 
that  too  reaction  torque  on  the  rotor  to  sustain  tots  motion  has  a systematic  component  along  tho  angular- 
deviation  veotor  toat  Is  proportional  to  the  angular  dtsplaooment,  but  that  acts  as  a spring  wUh  a negative 
spring  constant.  Ttio  flexible  pivots  between  the  rotor  and  glmbal,  on  the  other  hand,  provide  a simitar 
spring  torque  to  too  rotor,  but  of  opposite  sign.  Hence,  to  free  Uic  rotor  from  systematic  torques  aeso- 
elated  with  tho  angular  dtsplaooment.  It  Is  only  necessary  to  set  the  glmbal  pivot  springs  such  that  their 
effect  cancels  the  Inverse  sprltig  eHeot  of  tlic  glmbal.  liio  result  (tuning)  Is  a rotor  suspension  toat  Is 
insensitive  to  angular  movement  of  the  case. 

Use  of  tho  tuned- rotor  gyro  In  a strapdown  mode  |>araUol8  the  technique  used  for  the  floated  rate- 
integrating  gyro.  Exceptions  are  that  damning  must  be  provided  electrically  In  the  caging  loop,  as  there 
is  no  fluid,  and  that  the  gyro  must  bo  caged  In  two  axes  simultaneously.  The  latter  effect  couples  the 
two  caging  loops  togoUter  due  to  the  gyrosooplo  cross-axis  reaction  of  the  rotor  to  applied  torques. 


6-  i Analytical  Description  and  Elrror  Model 

Consider  tho  rotor  assembly  for  the  tuned-rotor  gyro  and  define  four  coordinate  frames  for  It  as 
shown  in  Figure  9i  one  attached  to  the  rotor  (R),  one  attached  to  the  glmbal  (G),  one  attached  to  tho  gyro 
case  (C),  and  plckoff  axes  ( redefined  with  X and  Y axes  In  the  plane  of  the  rotor,  but  displaced  from  ute 
case  axes  by  small-angle  Euler  rotations  6^  and  Oy,  lltose  arc  the  pickoff  angles  for  the  gyro.  The 
Y-axls  of  the  glmbal  frame  Is  along  the  Inner  torsional  flexure  toat  connects  toe  glmbal  to  toe  splnmotor 
shaft.  The  glmbal-frame  X-axis  Is  displaced  angularly  about  the  X-axls  from  the  gyro-case  axes  by  tho 
motor-shaft  angle  d.  The  glmbal  X-Y  plane  Is  displaced  from  the  case  X-Y  plane  by  the  flexure  angle  0, 
The  X-axts  of  the  rotor  Is  aligned  with  the  outer  flexure  axis  that  coiwccts  the  rotor  to  the  glmbal.  The 
rotor  axes  are  displaced  from  tho  glmbal  hramo  by  toe  flexure  angle  a. 

From  the  geometry  In  Figure  9,  the  kinematic  constraint  relations  for  Uie  plckoH  and  flexure  angles 
can  be  written  as 
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The  torque  equation  tor  the  glmbsi  and  rotor  about  the  gtinbal  Y>axls  is 
t2  » r°  -C„0-Ko0+tO 


where 


= total  torque  on  the  gimbal  about  the  gimbal  (superscript)  Y-axls 
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Ko  = torsional  spring  constant  for  the  /3  flexure 
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= torsional  damping  torque  associated  with  3 flexure  movement  (e.  g. , caused  by 
interaction  of  the  gimbal  with  the  surrounding  gas) 

= Y-axis  reaction  torque  on  the  gimbal  at  the  a flexure  junction 

= spurious  (unwanted)  error  producing  torques  on  the  gimbal  about  the  gimbal 
Y-axls 


Torques  on  the  rotor  can  be  similarly  written  along  gimbal  X,  Y,  and  Z axes 
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where 


a total  torque  on  the  rotor  about  the  gimbal  i-axls  (i  = X,  Y,  or  Z) 

n torsional  spring  constant  for  the  « flexure 

o damping  torque  associated  with  a flexure  movement 

T n = reaction  torque  on  the  rotor  at  the  a flexure  junction  about  tlie  gimbal 
*^l  l-axls  (l  = Y or  Z) 

T^e  ® error  torque  on  the  rotor  about  the  gimbal  i-axls  (I  a x,  Y,  or  Z) 

G 


a electrically  applied  torque-generator  torque  on  Ute  rotor  about  the  gimbal 
I i-  axle  (I  a X,  Y,  or  Z)  Intentionally  applied  through  the  gyro  torquer 

The  Y-oxts  component  of  E5q.  (14)  relates  the  Y-axls  torqup  on  the  rotor  at  tlie  a flexure  ) to  Uie 
negative  of  the  equivalent  reaction  torque  on  die  gimbal  (t'^  ) given  by  Bq.  (13).  ^y 

Equations  (14)  with  (13)  can  now  bo  tranaformod  to  Uioli*  equivalent  form  Ui  pickoff  coordbiates 
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Cq  ■>  direction  ooslnc  tnatrlx  relating  gimbal  and  plokoff  coordinate  axes 
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Using  small-angle  theory  (for  a,  3)>  the  Cq  matrix  can  bo  sliown  to  be 


ooa  4 -sin  4 -ealn  4 

sin  4 cos  4 ecos  4 

0 -or  1 


SidwtUutiflg  In  Bq.  (15)  and  expanding 
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where 


’’r.*  '"rt.-  " components  of  t^. 
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Note  that  the  Z component  of  is  absent  in  Eq.  (16).  Hiis  is  because  the  gyro  torquer  is  designed  to 
apply  torque  to  only  the  rotor  in  the  rotor  plane. 

The  Z expression  in  Eq.  (16)  can  be  used  to  solve  for  Tp  for  substitution  Ln  the  X,  Y equations.  After 
dropping  o-squared  terms  as  second  order,  the  result  is 

a T^.J,  - e sin  0 - (C^or  + K^Of)  cos  0 


.P  _P 


(17) 


+ (T°  + cJ  + Kft0)  sin  0 + T„ 

Gy  a 0 0^ 

^R  ° ^RT  ^ * 

- (T°  + cj  + cos  0 + r„ 

'Jy  P P Oy 

In  Eq.  (17),  Uio  t and  t terms  are  Uio  composite  of  all  the  error  effects  In  the  X,  Y torque  equations, 
”x  ”y 

Tlio  momentum  transfer  equations  relating  tlie  torques  In  Eq,  (17)  to  rotational  movement  of  U>e  rotor 
assembly  are  now  developed  to  obtain  tlio  Input/ output  equations  for  tlto  tuned-rotor  gyro. 


Ute  angular  rate  of  the  glmbal  b)  glmbal  axes  Is  given  by 

(lilc* 

where 

■ glmbal  Inertial  angular  rate  vector  In  glmbal  axes 

■ gyro  case  angular  rate  vector  in  case  axes 

C 

» spin-motor  rate  vector  In  case  axes 
g®  ■ rale  of  change  of  tl»e  0 angle-vector  (/)®)  In  glmbal  axes 

Cq  « direction-cosine  ntatrlx  relating  case  and  glmbal  axes 

O 

The  matrix  Is  given  from  Rigv\ro  9 by 


(18) 


eg  « 


coa  0 sill  0 -0 

- sin  0 cos  t 0 

0 cos  0 0 sin  0 1 


(18) 


Tlie  momentum-transfer  equation  for  Ute  glmbal  in  glmbal  axes  Is  given  by 


(20) 


^G  tt  I®  is^  4-  X 

Iq  ‘g  ^0  ^ -0  * ' a -g' 


where 


Iq  = inertia  tensor  for  the  gimbal  in  gimbal  axes 
With  Figure  9,  the  components  of  the  elements  in  Eq,  (18)  smd  (20)  can  be  defLned  as 
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where 

u^,  Uj  =>  X,  Y,  Z components  of  case  rate  in  case  axes 
Uj,  s spinmotor  rate 

Iq,  Jq  o gimbal  moments  of  Inertia  about  the  X,  Y axes,  and  about  the  Z polar  axis 

Substituting  Eq.  (18),  (19),  and  (21)  into  Eq.  (20),  noting  that  i <•  u^,  and  neglectuig  ^-squared  effects  as 

second-order  yields  tlio  expression  for  Uie  gimbal  Y-axis  torque  for  Eq.  (17) 

' Iq  I"  ^ V ’ “r  V + Wj.  u)  ^)  aU>  • 3 + (1^  - Jq)  [ - 3 

y (22) 

+ Uj.  (u^  cos  • + sin  g - 2 3w^)  + (u^  cos  # + sin  *)] 

H>e  a,  3.  3 expresslotts  for  Eq.  (17)  and  (23)  are  obtained  by  differentiating  Eq.  (11) 
o » 0^  cos  • + by  sin  • + Uj.  3 

3 • Oy  cos  * • 0JJ  sm  • - Uj,  tf  (23) 

3 " by  cos  # - bjj  sin  • - » - 2 Uj.  (by  sta  g b^  cos  •)  - 3 

P P 

To  develop  ttn  exprotsion  for  Utc  rotor  torqoo*momoiUum-trfttuifer  equation  (for  r»  and  in 

*'x  *'y 

Eq.  (17)),  die  net  rotor  angular  rate  in  the  F frame  is  first  defined  as  the  sum  of  its  coasecutlve 
(Euler)  angular-rate-vertor  components 

tfj  • Cc  y?  ^0 

where 

p 

• tout  rotor  inertial  angular  rate  In  P coordinates 

* 

a ■ rate  of  cliange  of  the  a torsion  flexure  angl-j-veotor  in  glmbal-frame  coordinates 


r>  » 

Cq,  Cq  « direction-cosine  matrices  relating  P,  C.  and  Q 

Tlie  pickoff  angle  0 is  the  angle  between  case  and  plckoff  axes,  hence,  Uie  first  term  in  Eq.  (24)  aasumlng 
small  angles  Is 


(25) 


9^ 


P P 

If  the  ff,3  effects  In  Cq  are  neglected  as  second  order,  Cg  in  Eq.  (24)  can  be  approximated  by  the  cosine 

matrix  for  Z-axis  0 angle  rotation  generated  by  u (see  Figure  9).  Recognizing  that  d is  the  vector  sum 
of  a and^,  the  second  term  in  Eq.  (24)  can  be  written  as  " 


+eCx  yC 


(26) 


where 


0 = rate  of  change  of  the  pickoff  angle  6 as  measured  in  case  (or  pickoff)  coordinates 

Substituting  Eq.  (25)  and  (26)  into  Eq.  (24)  defines  the  rotor  rate  in  terms  of  known  matrix  quantities 


4 “ 

An  expression  for  the  P frame  rotation  rate  as  measured  in  the  P frame  is  obtained  similarly 
soj  = kiC 

Tho  momentum  transfer  equation  for  the  arotor  can  be  written  in  P coordinates  as 
Ir  'R^lR^iipMiP^) 


(27) 


(28) 


(29) 


where 
.P 


a net  torque  on  the  rotor  assembly  in  P coordinates 


Ij^  a inertia  tensor  for  the  rotor  in  P coordinates 
Particular  vector  and  matrix  elements  in  Eq.  (27)  through  (29)  are  defined  as 


'R 
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R 
0 J 


RJ 


With  Eq.  (21)  for  the  remaining  vector  deRnitiona.  (29)  can  be  expanded  to  obtain  U«o  desired 
scalar  expressioiut  for  Ute  torque>monientum>tranafer  equations  along  P frame  axes 

^R^  * ‘r  ‘ ®y  * -^R  '^r  ^-^R  * ^ * V 

* ‘tt  ‘“v  ®y  * ®x  V ■ "^R  "r  ‘V  ^ ®x  ' ®y  * <'’r  * *u’  * V 

y 

"a, 


Equettons  (17),  (22),  and  (30),  with  Eq.  (12a)  and  (23)  in  combination  define  the  dynamlo  response 
relstions  for  the  tuned>rotor  gyro,  before  combining,  additional  nomenclature  ia  inbroduced  to  slmpli 
the  form  of  the  final  result  and  to  account  for  gyro-case  mleallgnmeuta. 


The  a and  fl  torsion*flexure  aprhqr  constants  are  defined  to  be  equal  to  a nominal  vatuo  phis  small 
error  variations 


K - K +.IK 
ct  o a 


^0  * 


(31) 


The  following  definitions  are  Introduced  for  the  inertia  terms 


(32) 


^G  ° *G  ” 2 '^G 


The  apinmotor  rate  Is  defined  as  a nominal  value  (ui>o)  ^ variation  due  to  motor  dynamics; 
and  a nominal  gyro  angular  momentum  (II^)  Is  defined 


(J  O U +0 


Hq  “ '^“r 


(33) 


The  torque-generator  torque  Is  defined  In  terms  of  a gyroscopic  precesslonal  command  rate  with  a 
scale-factor  and  cross-coupling  error;  and  the  error  torquo  Is  equated  to  a bias  rate  defined  as  dte  torque- 
generator  command- rate  needed  to  nullify  the  effect  of  the  error  torque  on  the  rotor 
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'RT. 
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(34) 


wlwre 


, u..  « X-  and  Y-axis  torquer  oomamtu)  rates 

*x  *y 


" iurquer  orose-couptlng  errors  (V  commaiui  rate  into  X-axis,  aiul  X command 
y*  *y  rate  i»tUi  Y-axls) 


■ X-  and  Y-axis  torquer  scale-factor  errors 
X-  and  Y-axis  bias  rates 


The  gyro  case  axes  may  he  misaligned  from  notainal  gyro  axes  hy  ndsaligomont  angles  y^,  y„,  and 

V « y 

'a 


“y  ♦ ’’x  “a  - “x 


(35) 


finally,  the  foltowing  trigonometric  Identities  are  noted 

2 t 1 

sin  f * ? ” i ^ * 

cos*  S * ‘5  1 

sin  a cos#  ■ 

With  Eq.  (St)  through  (3g),  Eq.  (lU,  (17).  (32),  (23),  and  (30)  can  now  be  combined  bo  yield  Uie 
(nput/onipul  equations  for  the  tune^rotor  gyru.  combination,  rearrangement,  introducing  the  fact 
that  the  glmbai  inertia  Is  slgnifiecntiy  ices  than  the  rotor  inertia,  negtecUng  higher-order  effects,  and 
assumhig  that  ai^ular  vibration  inputs  at  exactly  twice  tpin-firequeeey  have  negligible  Uklihood,  yietda 
the  results  in  Eq.  (37a)  and  (37b). 
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The  5ur  *erm  in  Eq.  {37a)and  (37b)  ta  a function  of  the  splnmotor  dynamics,  and  can  be  described  analyti- 
cally by  Mnsidering  the  rotor-gimbal  assembly  as  the  inertial  load  to  the  spinmotor.  Neglecting  glrabal- 
angle  and  inisalignment  effects  as  second  order,  and  assuming  that  the  rotor  inertia  is  much  larger  than 
the  gimbal  inertia,  provides  the  result  given  by  Bq.  (38)  “ 

j(Uj  + au^)  , Tj.  - ((flWj.)  (38) 


where 


o splnnujtor  torque  designed  to  maintain  the  rotor  at  nominal  speed  w 

**0 

f{au  ) a functional  operator  indicating  that  the  spinmotor  torque  is  a function  of  tlie  deviation 
of  the  rotor  speed  from  nominal 


null  plck^  operation  fwltieh  is  generally  the  case  dae  to  the  inability  to  operate  Uie  gyro  Ideally  with 
Um  piekoff  angle  held  preclselv  at  sero).  To  ellmliaie  this  as  an  error  sonree,  the  twwlital  u>t^«M-,at- 
flexure  spring  constant  is  designed  to  cattcei  the  ^ntamio  term  Lq  wr,j 


- LqU 


OP) 


Setting  the  ginOjal  spring  rates  as  specified  by  Kq.  09).  the  coivdlilon  known  as  tuning,  cancels  the 
spring  dynamic  effect,  and  makes  the  rvrtor  appear  to  be  free  of  the  gimbal  case  under  ofNnull  pickoff- 
aiigle  conditions.  Hence,  ihe  rotor  is  effectively  uneoupted  from  the  gyro  case  wltiioui  the  use  of  special 
{Jlvets  or  flotation  fluid  as  with  the  singte-degr«e-of*freedom  floated  rale*  integrating  gvro.  Note  that 
the  roUir-case  freedom  effect  can  be  seen  directly  from  Sq.  Ota)  and  (37b)  if  the  error  terms  and  com- 
tuftiw  ai[*c  ot)uat<Kt  u>  tero.  Ufuiet*  ccMulltlou^  the  tiquatUmii  C4;»llj4X!i4  \o  Ihe  fortn 


Hence.  Ute  pickoff  angle  becomes  equal  to  ttm  negative  of  «»c  Inl^ral  of  the  eyro-casc  motioti  or 
equivalenUy,  the  gyro  rotor  is  fixed  inerliatly  with  the  pickoff  angle  providing  a direct  measure  of'the 
£yro-oase  angular  motion  (i.  e, , the  gyro  aols  as  an  ideal  two-degree-of-freedem  attitude  sensor). 

In  slrapdowft  applications  the  pickoff  angle  is  mahiUined  near  null  dirougb  closed-loop  torquitrg  widi  the 
turner  comfnand  sigiwts  thereby  becomiisg  measures  of  tn)Hit  rate  (in  the  intcigral  sense).  Such  a 

by  the  analytical  blodt  diagram  in  Figure  10  which  is  a sclmmallc  rem^enlaiiwi 
« Bq.  (3<aJ,  07b),  and  (38)  with  Bq.  09). 


(i*Ta),  08),  af»d  Figure  10  for  the  tuned-rolor  gyro  are  compared  with  Eq.  (8),  (9),  and 
I «i|>gle-degree*of.fre^m  floated  rale* integrating  gyro.  will  be  apparent  that  the  two 

error  tem»s  (yy.  y*.  Oy  misalignment  ccupJmg.  and  k\.  angular  aecelcr* 
ailon  effect*,  anisolnertm,  and  swolor  dynamics).  In  addition,  the  tbncd*rolor  gyro  coitlains 

r®**  iorquer  cross-coapling  effects  (dxy).  gim?»l  damping  cff^ls  (C,  ♦ C^). 

and  the  r^iduat  spring  lorquc  terms  due  to  off-nominal  tunIngfUtc  (^  + iKa)  effect  with  nominal 
spin  speed  and  the  e^eci  of  Spin*specd  error  with  nominal  spr«ng  constants)).  U should  also  be 
appaieni  that  «»c  torque  loops  for  titc  umed  rotor  arc  dynamicaUy  more  complex  (due  to  lwo*axls  cross- 
t^upUng)  and  uislampcd  (the  Cfl  term  for  the  floated  gyro  is  not  tmcscni  in  the  tuned  rotor)  Hence  addi* 
lion^  comitoiwailon  clcclrouics  are  required  in  «>c  Figure  10  comsnafid  electronics  to  achieve  widi^ 
bandwidth  stable  tMirformanee.  In  other  respects,  mcchaniaatlon  apitroachcs  for  the  torque  loot)*  arc  as 
described  previously  for  torquo>U>-batancc  instruments  In  general. 

The  scute-factor-error  ntodel  fur  the  tuned-rotor  gyro  operating  In  the  siratMlown  ntode  is  eiven  bv 

Eq.  (41)  and  is  entirely  equivalent  to  that  for  the  floated  rate-integrating  gyro  (10)3. 
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(41) 
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The  bias  errors  for  the  tuned-rotor  gyro  (Ug  and  ) can  modeled  (25, 26)  as 


“By  “ + 


where 


Sy,  = accelerations  of  the  gyro  along  the  x,  y,  and  z nominal  gyro  axes. 


(42) 


Note  that  the  acceleration-sensitive  bias  coefficients  In  Eq.  (42)  are  Identical  between  axes  (because 
they  are  caused  by  rotor-assembly  effects  which  are  common  to  X,  Y channel  outputs).  A comparison 
between  Eq.  (42)  and  Eq.  (11)  (for  the  floated  gyro)  shows  that  the  bias-error  equations  are  of  toe  same 
form.  Sources  of  Bq  bias  error  for  the  tuned-rotor  gyro  are  stray  internally  generated  magnetic  fields 
that  Interact  with  the  rotor- mounted  torquer  magnet,  and  torque- loop/pulse-electronics  bias  errors 
(for  binary  torque  loops  or  analog  torque  loops  with  follow-up  analog-to-dlgltal  conversion,  see  Section  4). 
The  effects  of  off-nominal  tuning  and  glmbal  damping  In  Eq.  (37a)  and  (37b)  are  usually  Included  as  part 
of  toe  Bq  bias  error  (in  conjunction  with  plckoff-angle  offsets  caused,  for  example,  by  splnmotoiw shaft 
misalignments  or  slgnal-generator/plckoff  bias).  Additional,  but  unlikely  Bq  bles  errors  for  the  tuned- 
rotor  gyro  are  caused  by  acceleration  Inputs  at  spin  frequency  along  the  spin  axis  rectifying  radial  mass- 
unbalance  effects  in  toe  rotor  assembly  (relative  to  too  center  of  torsional  support  for  the  rotor  assembly), 
acceleration  Inputs  at  twice  spin  frequency  normal  to  the  spin  axis  rectifying  glmbal  mass-unbalanoe  almig 
the  spin  axis,  and  rectification  of  twice  spin-speed  angular- rate  Inputs  to  the  gyro  duo  to  alternating 
Inertial/ spring  reaction  loads  of  toe  rotor-gintoal  assembly  relative  to  the  motor  shaft,  (25,  26)  The 
latter  effect  is  predictable  by  toe  expressions  used  to  develop  Eq.  (37a)  and  (37b)  (neglected  In  toe  final 
Bq.  {37a)  and  (37b)  forms  presented). 

The  Bj  g-sensitlvo  ccefflclont  is  caused  by  mass-unbalance  of  too  rotor  assembly  along  the  spin  axis,  and 
the  B2  coefficient,  by  geometrical  Imperfections  in  toe  torsional  elements.  (25,  27)  TheBa  coefficient  is 
toe  anleoetastlo  effect  for  the  gyro  caused  by  unequal  compliance  of  toe  rotor  assembly  along  theX,  Y,  Z 
directions.  The  n noise  terms  are  stochastic  errors  that  have  relatively  short  correlation  times  (caused, 
for  example,  by  splnmotor- shaft  orientation  changes  duo  to  ball  bearing  preload  variations  and  resulting 
error  torquet  created  by  off-nominal  tuning) . 

As  with  toe  floated  gyro,  several  errors  In  the  tuned-rotor  gyi-o  are  Inherent  in  the  basic  instrument 
design  (biandwldto  Limitation,  anisoinertla,  and  angular  acoeleratton  sonsttlvlty).  qiio  remaining  errors 
are  caused  by  Imperfections  In  tl\Q  gyro  manufacture,  many  of  whiol*  arc  predictable  over  long  time 
intervals.  System- level  software  compensation  can  be  utilleod  to  remove  toe  predictable  error  effects 
within  the  baudwldto  Un\ltations  of  the  uncomponsatod  sensor-output  signals  (Die  signals  utlUxed  to  com- 
pensate toe  dynamic-error  effects). 


5.  2 Porformartoe  and  Application  Areas 

The  strapdown  version  of  Ute  tuned-rotor  gyro  has  been  developed  for  applications  requiring  perfor- 
mance in,  or  close  to.  the  1-nml/hr  category  (refer  to  Tal)lo  1),  Applications  receiving  the  greatest 
attention  have  been  for  transport  aircraft  as  a navigation  system  Umt  also  (and  in  some  oases,  primarily) 
provides  high-quality  outputs  for  fiight-controt-system  use  (Sohulor-tuned  attitude,  Inortlatly  derived 
heading,  body  rat««  and  aocolelrations,  horieontai  and  vertical  velocity)  (0. 26).  EntlUiSiasts  for  the 
jstrapdown  tuned-rotor  technology  envision  its  ultimate  utilisation  in  Itighor- performance  military  air* 
craft  (29).  llte  lowet-pet'foniuinQe  application  areas  (sue)i  as  for  tactical  missile  mldcourso  guidance) 
itave  not  been  {xirsued  by  tuned- rotor  teclmologists,  probably  because  of  difflcutties  in  competing  with 
the  tower-cost  (loated-gyro  teciwologles  that  currently  dominate  this  area.  Some  consideration  is  being 
given  to  toe  utilieaticoi  of  tuned- rotor  inertial  strapdown  systems  for  spacecraft  booster  guidance,  a 
small  s|>eoiatUed  area  from  a production  stand])oint,  aitd  one  Utat  tuts  traditionally  utllUed  htgti-quallty 
floated  rate-integrating  gyros  for  implementation. 

Specific  performance  capablli'.les  of  Uic  tuned- rotor  i^ro  parallel  those  for  the  floated  gyro,  with 
some  notable  okooptlons.  The  tuned-rotor  gyro  wan  devciofted  to  eliminate  some  of  the  problems  (in  cost 
and  performance)  Associated  with  older  floated  ratc-itttegrating  gyro  technology.  Itroponents  of  toe  tuned- 
rotor  teclwiology  point  to  its  advantages  conxpared  to  U>e  floated  gyrot  fewer  parts,  two  axes  per  gyro, 
elimination  of  the  need  for  toe  fluid  suspension  and  associated  error  mechanisms,  elimination  eg  ftex- 
lead-erix>r  torques,  etiminatloo  of  sptninotor  axial  mass  unbalance  as  an  error  source  and  associated 
simpllHcatiohn  in  splnmotor  bearing  design,  and  more  predictable  Instrument  warmup  characteristics, 
“niese  advantages  are  partially  offset  by  the  addition  cf  errors  caused  by  imperfect  rotor  tuning,  windage 
torques  and  drift  en'ors  associated  with  dynamic  viscous  coupling  of  Uic  off-null  gimbal  motion  wlUi  the 
surt'ounding  gas;  sjnd  rotor  heating  and  motor  bearing  lubricant  containment  problems  If  a near  vacuum 
is  hold  aroufS  the  rotor  to  eliminate  Uic  latter  gas-dyiunmlc  effects. 


For  the  Itincd-rotor  p'ro,  bias  InstabiUtles  can  be  overcome  largely  through  Increased  angular 
momentum  face  f2q,  (54)  J,  with  additional  complexity  in  the  torque  too|}8  due  to  Uie  hlglier  current  levels 
needed  for  angular  momentum  caging.  Based  on  the  1-nmi/hr  system-level  performance  obtained  in 
tritiutport  aircraft  usipg  strapdown  tuned-rotor  gyros  with  targe  angular  nu>mentum  wheels,  (4,  S)  it  can 


/ 


be  assumed  that  the  bias  performance  levels  of  Table  1 are  achievable  In  benign  flight  environments 
using  temperature  modeling  for  compensation  (without  thermal  controls).  In  dynamic  flight  environments, 
g- sensitive  bias  effects  will  degrade  perfoivnance  to  some  extent.  Potential  rectification  errors  that 
contribute  to  bias  In  the  floated  gyro  are  also  present  In  the  tuned  rotor.  As  such,  the  potential  for 
large  bias  error  also  exists  for  &e  tuned  rotor  In  high  linear^  and  angular-vibration  environments  (due 
to  anlsolnertla,  splnmotor  dynamics,  anlsoelastlclty,  plckoff-angle  dynamic  error,  and  bandwidth  limi- 
tations for  compensation). 

Rate  capability,  bandwidth,  and  scale-factor  accuracy  for  the  strapdown  tuned- rotor  gyro  (a  torque- 
to-balance  Instrument)  directly  parallel  that  for  the  strapdown  floated  gyro  with  similar  limitations  (high 
vibration  and  angular  rates).  Bandwidths  of  75  Hz  and  scale-factor  accuracies  of  50  ppm  (with  thermal 
modeling  for  compensation)  have  been  achieved  for  tuned-rotor  gyros  at  Boeing  (30),  and  Litton  (31) 
claims  that  bandwidths  In  excess  of  85  percent  of  spin  speed  are  achievable  using  new  caging  teclmlques. 
For  typical  tuned- rotor  spin  rates,  this  translates  into  a bandwidth  In  the  50-  to  150-Hz  area. 

Alignment  errors  for  tuned-rotor  gyros  are  caused  by  pickoff  null  shift,  torquer  input-axis  misalign- 
ment, dynamic  torque-rebalance  servo  error,  and  gyro- system- mount  misalignment.  Due  to  the  absence 
of  the  glmbal  pivot  and  splnmotor-axis  misalignment  errors  associated  with  the  floated  gyro,  5-seconds- 
of-arc  alignment  accuracy  should  be  more  easily  achievable  with  the  tuned- rotor  gyro.  As  with  the 
floated  gyro,  random  noise  is  not  a noajor  error  source  for  the  tuned-rotor  gyro. 

For  systems  using  tuned- rotor  gyros  with  large  angular  momentum  wheels,  calibration  intervals  of 
greater  than  6-months  have  been  experienced  for  1-nml/hr  benign  environment  system  applications.  (4,  5) 
Note,  that  If  needed,  the  dual-speed  splnmotor  calibration  technique  developed  for  the  floated  gyro  (see 
Section  2)  can  also  be  used  with  the  tuned  rotor.  If  necessary,  to  reduce  the  frequency  of  removals  for 
system  recallbratlon.  Warmup  times  In  the  2-  to  5- minute  category  (for  splnmotor  runup  and  thermal 
stabilization)  have  been  demonstrated  by  hlgh-accuracy  tuned- rotor  gyros  with  thermal  modeling  for 
error  compensation,  (4,  5) 


6.  ELECTROSTATIC  GYRO 

Of  the  thi  ee  angular- momentum  devices  considered  in  this  paper,  the  electrostatic  gyro  comes 
closest  to  achieving  the  theoretically  ideal  suspension  system.  In  the  electrostatic  gyro,  a spherical 
i-otor  is  suspended  in  a vacuum  by  an  electrostatic  field  generated  by  ca  Me- fixed  electrodes;  hence,  there 
Is  no  physical  contact  with  the  rotor  assembly.  Pickoffs  on  the  case  sense  the  orientation  of  the  case 
relative  to  the  rotor.  Figure  11  Illustrates  the  Implementation  concept. 

Some  mechanizations  of  the  oloctrostatlc-gyro  pickoff  (17)  have  used  optical  detectors  that  sense 
scribe  marks  etched  on  tlte  rotor.  For  such  an  approach,  the  rotor  Is  a hollow  shell,  1 to  2 Inches  In 
diameter  (see  Figure  11).  Alternatively,  a small  solid  rotor  (typically  1 centimeter  In  diameter)  can  bo 
used  with  a radially  offset  mass.  (32)  The  resulting  modulation  In  tlie  susiwnslon  field  (duo  to  the  mass 
unbalance)  Is  used  to  determine  the  relative  caso/rotor  orientation.  Each  of  dieso  approaches 's  being 
considorod  for  glmbaled  application.  (32, 33, 34)  However,  only  the  small  solid  rotor  approach  Is  being 
considered  today  for  strapdown  application.  (9,34) 

The  electrostatic  gyro  can  bo  used  only  as  an  attitude  gyro  (there  Is  no  torquo-to-balanoo  concept  for 
the  Instrument);  hence.  In  straixlown  applications  whore  large  angular  motion  Is  common,  the  accuracy  of 
Ujo  pmkoff  (which  must  sons**  the  total  attitude)  Is  a key  periormanoo  jjaramotor.  In  this  respect,  the 
gyro  differs  from  t);e  floated  and  tuned-rotor  lnsU*umonts  tliat  are  opwatod  In  strapdown  applications  wltli 
the  piokoff-aig{lo  hold  near  null. 
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Figure  11.  ElectjroataUc-gyro  configuration. 


One  of  the  principal  advantages  of  the  electrostatic  gyro  compared  to  the  other  spinning-mass 
instrximents  is  the  elimination  of  mechanical  friction  producing  mechanisms  (i.  e. , spinmotor  bearings) 
and  associated  reliability  problems.  A disadvantage  for  the  electrostatic  gyro  from  a reliability  stand- 
point is  the  potential  damage  to  the  rotor  and  case  that  can  result  during  a momentary  loss  in  gyro-rotor 
suspension  voltage  while  the  rotor  is  spinning. 


6, 1 Analytical  Description  and  Error  Model 

In  one  respect,  the  anal3d:ical  model  for  the  electrostatic  gyro  is  much  simplified  compared  to  the 
torque-to-balance  strapdown  gyros  (tuned-rotor  and  floated  rate- integrating  gyros)  due  to  the  lack  of 
dynamic-error  terms  implicit  in  the  design  of  the  latter  instruments.  If  the  electrostatic  gyro  could  be 
manufactured  perfectly  with  ideal  materials,  it  would  have  no  error  effects,  and  its  output  would  be  a 
true  indication  of  the  orientation  of  the  gyro  case  relative  to  an  inertially  fixed  rotor  spin-axis  (i.  e. , an 
ideal  two-degree-of-freedom  attitude  gyro).  However,  due  to  imperfections  that  must  exist  in  any  real 
device,  errors  are  present  in  the  instrument  that  can  be  divided  into  two  categories;  bias  errors,  and 
(for  strapdown  applications)  attitude  readout  errors.  In  very  general  terms,  these  errors  can  be  repre- 
sented as 
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(43) 


components  of  gyro  bias  rate  (In  case  axes);  the  bias  vector  represents  the  pre- 
cesslonal  rate  of  the  rotor,  and  Is  normal  to  the  rotor  spin-axis 


X'  y* 


tiiroe-axis  acceleration  components  of  the  gyro  case  (in  case  axes) 
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cosines  of  the  angles  between  tlie  rotor  spin-axis  and  gyi‘o-caee  axes  (i.  e. , the 
attitude  information  sensed  by  the  road-out  detectors) 


fyO. 


functional  operators  indicating  a functional  dependence  of  tim  bias  numerical 
values  on  t)>e  bracketed  quantities 
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not  attitude  readout  errors 


functional  operators  associated  with  Uto  gyro  readout  mechanism  indicating  a 
functional  dependence  of  the  numerical  values  on  die  bracketed  quantities 
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misalignments  of  gyro-case  axi  s from  nominal  gyro  axes 


Due  principally  to  the  full  spherical  attitude  operating  mode  of  Die  strapdown  electrostatic  gyro,  the 
bias  and  attitude  readout  error  effects  arc  complex  functions  of  case-rotor  orientation  and  accelerations 
in  three  dimensions.  Tlie  bias  attitude  sensitivity  is  caused  by  the  different  orientation  of  the  gyro  sus- 
pension coils  relative  to  the  rotor  and  associated  variations  in  die  electrostatic  suspension  field  (from 
nominal)  m die  rotor  cavity  Uiat  produces  a net  moment  on  die  spinning  rotor.  Acceleration-induced 
bias-sensitivity  effects  are  caused  by  the  center  of  electrostatic  suspension  force  on  die  rotor  not  coin- 
ciding widi  die  rotor  center  of  mass,  also  a function  of  the  orientation  of  the  case  relative  to  the  rotor. 
Attitude  readout  errors  are  caused  by  electronic  instabilities  and  attitude  nonllnoarilios  in  die  pickoff 
over  die  full  spherical  readout  range. 


Hic  f ( ) and  g( ) elements  in  I3q.  (43)  are  typically  expressed  as  a set  of  compensation  models  that 
analytically  characterize  die  error  jdienomcna  as  a function  of  sensed  acceleration  (a^.  a^,  a^),  rotor- 

axis  cosines  (u„,  u,},  and  gyro  parameters  (o.  g. , rotor  case-envelope,  and  suspension-servo 

cliaruckcrUtlcG).  (9)  Uto  gyro  ptrametem  In  the  models  are  tike  measurable  quantities  tlkst  characterise 
each  gyro  for  calibration  purposes  (I,  e. , calibration  coefficients).  The  stability  of  the  coefficients  ft  <m 
turn-on  to  turn-on.  over  temperature,  vibration,  and  acceleration,  as  well  as  the  complexity  (number 
of  terms)  in  die  error  model  utilized,  ultimately  determines  the  performance  oapabiUtles  of  the  gyro 
(and  die  complexity  and  frequency  of  calibration). 


6,  2 Performance  and  Application  Areas 

» 

The  principal  focus  for  strapdosvn  electrostatic  gyro  application  has  been  in  the  1-nmi/hr  naviga-  i 
tion  system  area  where  its  proponents  point  to  the  cost  and  reliability  advantages  it  affords  compared  ^ 
to  equivalent  gimbaled  INS  technologies.  However,  because  the  electrostatic  gyro  is  inherently  an 
attitude-sensing  instrument,  its  utility  in  other  strapdown  application  areas  (28,  29,  35)  is  limited  (com- 
pared to  the  other  strapdown  gyros)  due  to  its  inability  to  also  provide  a rate-signal  output.  Deriving 
rate  analytically  in  the  electrostatic-gyro  system  computer  (a  nontrivial  function  of  the  calculated  rate 
of  change  of  the  computed  attitude  data)  provides  a noisy  signal  (due  to  differentiated  attitude  pickoff 
noise)  that  must  be  filtered  for  reasonable  low-noise  rate-output  performance.  The  resulting  dynamic 
lag  can  introduce  stability  problems  (in  flight-control  systems,  for  example)  where  the  rate  signal  is 
utilized. 

For  a specified  case  orientation  relative  to  the  rotor  (as  in  gimbaled  applications),  and  with  acciir- 
ate  thermal  controls,  electrostatic-g3rro  errors  can  be  remarkably  predictable  and  compensatible. 
However,  for  strapdown  applications  where  the  case  can  be  at  arbitrary  orientations  relative  to  the 
rotor,  compensation  is  difficult.  Ehie  to  the  nonprecise  mechanical  nature  and  large  size  (relative  to 
the  rotor)  of  the  suspension  coils,  it  is  difficult  to  manufacture  a gjrro  that  has  a fixed  center  of  sus- 
pension in  the  rotor  cavity  for  all  orientations  of  the  rotor,  case,  and  specific-force  vector  (hence,  the 
problem  of  complex  three-dimensional  modeling  for  bias  calibration  coefficients,  (6,  9).  The  calibra- 
tion problem  is  further  complicated  by  thermal  expansion  movement  of  the  mechanical  assemblies,  and 
associated  variations  in  the  error  coefficients.  To  compensate  for  this  effect,  thermal  modeling  has 
been  used,  but  with  limited  success.  Thermal  control  for  the  electrostatic  gyro  appears  to  be  the  only 
accurate  method  for  direct  bias -error  control  in  strapdown  applications. 

To  overcome  some  of  these  difficulties,  Autonetics,  the  principal  proponent  of  the  electrostatic 
gyro  for  strapdown  inertial  navigation,  has  developed  a turntable  assembly  for  their  MICRON  strapdown 
electrostatic-gyro  system,  on  which  the  inertial  sensors  are  mounted.  The  turntable  is  rotated  at  a 
known  rale  relative  to  the  system  chassis,  typically  about  the  user  vehicle  yaw  axis.  The  result  is  an 
averaging  of  the  case-correlated  bias-error  effects  such  that  the  overall  navigation  error  is  im- 
proved. The  effect  of  case  rotation  is  expected  to  eliminate  the  need  for  the  frequent  calibrations  that 
have  accompanied  the  performance  instabilities  experienced  in  the  past  with  the  strapdown  electrostatic 
gyro. 

Reaction  times  for  the  electrostatic  gyro  have  been  a significant  problem  area  in  the  past  due  to  the 
sensitivity  of  gyro  performance  to  temperature  effects,  and  the  difficulty  in  spinning  up  the  gyros  and 
thermally  stabilizing  the  system  (with  temperature  controls)  in  a reasonable  time  period.  (6)  Recent 
impfovements  in  gyro  design  (for  reduced  thermal  gradients)  and  the  introduction  of  the  turntable  for 
error  averaging  are  expected  to  allow  reasonable  reaction  times  (less  than  10  minutes  at  the  system 
level)  for  new  strapdown  electrostatic-gyro  systems. 

An  important  advantage  for  Uie  electrostatic  gyro  in  maneuvering  applications  is  that  direct  attitude 
readout  is  provided  and  is,  therefore,  not  subject  to  the  unbounded  computational  aititudc-orror-buildup 
effects  associated  witli  rate-sensing  strapdown  gyros  whore  attitude  is  calculated  in  Uio  system  com- 
puter (through  a rato-integralion  process  that  also  integrates  the  effects  of  rate-gyro  scale  factor  error, 
misalignment  cross-coupling,  pulse-output  quantization  uncertainty,  and  finite  bandwidtir^).  As  a result, 
tl)e  alignment  (and  pickoff)  accuracy  requirements  for  tiio  electrostatic  gyro  arc  somewhat  relaxed 
compared  to  tiie  other  strapdown  gyros  because  tlio  associated  attitude  error  over  short  maneuver  times 
(relative  to  tiie  Schuler  period)  is  bounded  (1.  o. , equals  Die  bias  on  tl>o  gyro  attitude-output  signal). 

P'or  t)>o  strapdown  soUd-rotor  electrostatic  gyro,  wide-angle  readout  accuracies  of  18  seconds  of 
arc  liavo  been  achieved  in  the  past  (9,  34).  Tliis  performance  is  somewhat  marginal  in  high  velocity- 
accuracy  applications.  However,  it  is  reasonable  to  assume  tlwt  improvements  will  be  made  such  Uiattlie 
lO-second'Of-arc  goal  In  Table  1 is  achieved  in  future  production  units.  Tiie  alignment  accuracy  for 
the  instrument  is  determined  by  tlio  stability  of  the  gyro-system  mount,  which  should  bo  well  wlUtln 
Table  1 roquiremonts, 

Tte  bandwidtli  and  rate-gyro  scale-factor  accuracy  requirements  in  Table  1 are  not  applicable  to 
tlio  electrostatic  gyro.  Random  noise  for  t))0  instrument  is  not  a significant  error  source. 


7.  RING  LASER  GYRO 

Unlike  die  gyros  tltat  utilize  rotating  mass  for  angular-measurement  reference,  the  laser-gyro 
operating  principal  is  based  on  the  relativistic  properties  of  light.  Ttie  device  has  no  moving  parts; 
hence,  it  las  Ute  potential  for  extremely  high  reliability.  References  36  and  37  describe  tl)&  unique 
instrument,  its  mechanization  approach,  and  performance  characteristics. 

Figure  12  depicts  the  basic  operating  elements  in  a laser  gyro:  a closed  optical  cavity  containing 
two  beams  of  correlated  (a ingle -frequency)  light.  Tl)e  beams  travel  continuously  between  the  reflecting 
surface  of  the  cavity  In  a closed  optical-patlit  one  beam  travels  in  tlic  clockwise  direction,  the  oUtcr  in 
Uie  oounterclockwlse  direction,  each  occupying  the  same  pliyslcat  space  in  the  cavity.  Tlie  light  beams 
arc  generated  from  the  lasing  action  of  a helium-neon  gas  discharge  within  the  optical  cavity.  Hie  re- 
flecting surfaces  are  dielectric  mirrors  designed  to  selectively  reflect  the  frequency  associated  with  Uie 
particular  helium-noon  transition  being  used. 


*The  extent  to  which  tlieso  error-effects  accumulate  in  tiie  rate-gyro  strapdown-systcni  cotr'puler  is 
determined  by  Uie  user  vehicle  angular-rate  (and  vibration)  profile. 
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Figure  13.  Laser-gyro  operating  elements. 


To  understand  the  operation  of  the  laser  gyro,  consider  the  effect  of  cavity  rotation  on  an  observer 
rotating  with  the  cavity.  Relative  to  tl>e  observer,  it  takes  longer  for  a wave  of  light  to  traverse  the 
distance  around  the  optical  path  In  the  direction  of  i otatlon  Uian  In  the  direction  opposite  to  the  rotation. 
Duo  to  the  constancy  of  tlio  speed  of  light,  this  effect  is  Interpreted  by  the  observer  as  a lengtliening  of 
the  not  optical  path  length  In  the  direction  of  rotation,  and  a shortening  of  tlie  path  length  In  the  opposite 
direction,  Bcjause  a fixed  Integral  number  of  light  waves  must  exist  around  the  path  at  any  Instant  of 
time  {the  beams  are  continuous,  closing  on  themselves),  the  path-length  shift  must  also  be  accompanied 
by  a frequency  shift  in  th'j  opposite  sense.  The  frequency  difforonco  between  Ute  two  beams  thereby 
becomes  a measure  of  rotation  rate. 

The  frequency  difference  is  measured  In  tl>c  laser  gyro  by  allowing  a small  percentage  ot  the  laser 
radiation  to  escape  thi'ough  one  of  the  mirrors  (Figure  12).  A prism  is  typically  used  to  reflect  one  of 
the  beams  such  that  it  crosses  tlte  otlmr  in  almost  tlio  same  direction  at  a smalt  angle  (wedge  angle). 

Due  to  the  finite  wldtli  of  the  beams,  ttie  effect  of  the  wedge  angle  is  to  generate  an  optical  fringe  pattern 
in  the  readout  cone.  When  U»e  frequencies  between  tlie  two  laser  beams  are  equal  (under  aero  rale  con- 
ditions), the  fringes  are  stationary  relative  to  the  observer.  When  the  frequencies  ot  the  Iwo  beams  are 
different  (under  rotational  rates),  the  fringe  pattern  moves  relative  to  the  observer  at  a rate  and  direc- 
tion proportional  to  the  frequency  difference  (1.  e. , proportional  to  the  angular  rate).  More  Importantly, 
the  passage  of  each  fringe  Indicates  that  the  Integrated  frequency  difference  (integrated  input  rate)  has 
changed  by  a specified  increment.  Hence,  each  fringe  passage  Is  s direct  Indication  of  an  Incremental 
Integrated  rate  movement,  U»e  exact  fomi  of  the  output  needed  for  a rale-gyro  atrapdown  navigation 
system. 

Digital  Integratcd-rate-increment  pulses  arc  generated  from  the  laser  gyro  from  the  outputs  of  two 
pliotodiodes  mounted  in  the  fringe  ares  and  spaced  00  degrees  apart  (in  fringe  space).  As  the  fringes 
pass  by  the  diodes,  sinusoidal  output  signals  sre  generated,  wlm  each  cycle  of  a sine  wave  correspond- 
ing to  tl>e  movement  of  one  fringe  over  the  diodes.  Dy  observing  which  diode  output  is  leading  the  other 
(by  00  degrees),  0»e  direction  of  rotation  is  determined.  Simple  digital-pulse  triggering  and  direction 
logic  operating  on  the  photodiode  outputs  convert  the  sinusoidal  signals  to  digital  pulses  for  computer 
ll^Hlt. 

The  pulse  size  (quantization)  for  the  laser  gyro  depends  on  the  wavelength  of  the  laser  beam  and  the 
path  lengU)  between  the  mirrors.  For  a typical  b'iangular-optical-Mth  laser  gyro  with  0. 63  micron 
wavelength  and  pathlength  between  mlrrore  (each  leg  of  the  triangle)  of  4. 2 inches,  the  pulse  site  is  2 
seconds  of  arc.  * 

^Tliis  pulse  siting  assumes  pulse  triggering  at  the  positive-going  zero-crossing  of  one  of  the  photodiode 
outputs.  A factor  of  four  finer  initse  site  is  attainable  if  required  by  triggering  output  pulses  at  the 
positive-  and  negative-going  zero  crossings  from  both  photodiode  output  signals,  ^e  ^nalty  Is  a pro- 
portional decrease  in  maximum  rate  capability  (or  increased  readout  electronics  complexity  for  in- 
creased bandwidth  to  maintain  the  same  rate  capability). 
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7. 1 General  Design  Considerations 

7. 1. 1 Construfction  — The  accuracy  of  the  laser  gyro  depends  on  the  manner  in  which  the  lase"  beams 
are  affected  by  the  influences  of  the  lasing  cavity,  A key  requirement  in  this  regard  ts  that  the  average 
of  the  path  lengths  around  the  lasing  triangle  for  the  clockwise  and  counterclockwise  beams  be  constant 
and  equal  to  the  value  for  peak  average  lasing  power.  The  peak-laser-power  condition  corresponds  to 
the  laser  frequency  being  centered  at  the  peak  of  the  helium-neon  gas-discharge  Doppler  gain  curve,  (38) 
Many  of  the  error  parameters  in  the  laser  gjrro  are  stationary  for  small  variations  in  gyro  operation 
about  the  center  of  the  Doppler  gain  curve,  (37) 

To  achieve  a high  degree  of  path-length  stability,  the  laser-gyro  optical  cavity  is  typically  con- 
structed of  ceramic -vitreous  (Cervit)  material,  which  has  an  extremely  low  coefficient  of  thermal  ex- 
pansion, Figure  13  illustrates  a typical  laser-gyro  mechanization  concept,  A Cervit  str  ucture  is  used 
to  contain  the  helium-neon  gas,  with  the  lasing  mirrors  and  electrodes  forming  tlie  seals.  High  voltage 
(typically  1500  volts)  applied  across  the  electrodes  (one  cathode  and  two  anodes)  ionizes  the  heli’-m-neon 
gas  mixture,  thereby  providing  the  required  laser  pumping  action.  High-quality  optical  seals  must  be 
used  in  the  Figure  13  configuration  to  avoid  introducing  contaminants  into  the  helium-neon  mixt_re, 
thereby  degrading  performance  and  ultimately  limiting  lifetime.  Alternatively,  a gain  tube  that  contains 
the  helium*gas  can  be  inserted  in  the  cavity,  with  optical  windows  (Brewster  windows)  provid'^d  for  laser 
beam  entry  and  exit  (39),  The  advantage  of  the  gain-tube  approach  is  that  the  beam-  :avity  setl  require- 
ment (particularly  for  the  mirrors)  can  be  relaxed,  since  the  helium-neon  is  no  longer  in  contact  with 
the  mirror  seals.  The  disadvantage  is  the  addition  of  seals  for  the  gain  tube  (Brewster  window  seals), 
and  the  introduction  of  acceleration  and  thermally  sensitive  gyro  bias  uncertaintiei.  due  to  differential 
phase  shifts  and  energy  losses  (between  the  two  laser  beams)  generated  from  bireiringent  <40)  and 
anisotropic  optical  effects  in  the  Brewster  window  optics. 
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Figure  13.  Laser-gyro  block  assumbly. 


Figure  14  illustrates  the  iiitcrfact  between  a typical  laser  gyro  block  assembly  and  the  gyro  etcc- 
tronlcs.  A piczooloctric  transducer  mounted  on  one  of  the  mirror  substrates  is  typically  used  to  control 
the  )>ath  length  of  die  cavity  (Figure^  13  and  14).  Tlte  control  signal  for  die  transducer  is  proportional 
to  the  di.'Viation  from  the  peak  of  the  average  power  in  the  laser  beams;  hence,  the  control  loop  is  de- 
s.'.gnod  to  maintain  a oath  length  tliat  produces  peak  average  lasing  power.  Ilic  average  beam  power  is 
measured  by  a photouiode  mounted  on  one  of  Uit  nxrrors  Utat  senses  a small  percentage  at  Uie  radiation 
from  both  Ute  clockwise  and  counterclockwise  berms. 

Flow  phenomena  in  the  laser  gyro  (e.g. . lAiigtnuir  flow)  can  cause  bias  shifts  duo  to  differential 
changes  in  the  index  of  refraction  ctf  light  along  the  forward  and  revorao  beam-paths,  (37,41)  Tyii  reduce 
die  possibility  of  net  circular-flow  ptienomcna  in  die  ^ro,  circuitry  is  typically  provided  to  maintain  a 
cons’ant  balance  between  die  rtot  current  flows  in  each  of  die  two  ionltation  patiis  (see  Figure  14). 
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Figure  14,  Laser-gyro  electronic  elements. 


7, 1.  2 Packaging  — Figure  15  illustrates  a typical  laser  gyro  packaging  concept.  The  electronics  to 
control  the  laser  and  to  provide  readout  pulses  are  mounted  with  the  laser  block  in  a single  box.  The 
high-voltage  supply  is  included  for  gyro  operations  (regulated  low-level  voltages  are  gyro  inputs).  The 
box  is  hermetically  sealed  to  avoid  problems  associated  with  high-voltage  arcing  at  high  altitudes. 


Figure  15,  Uojmywoll  GCU300  laser  gyi*o. 


Alternalivo  packaging  approaches  incorporate  three  laser  cavities  in  a single  block  of  Corvit  (e.g. . 
l>  igurcf  10  or  Iteferencos  42  and  4.1),  Hie  advantage  of  the  latter  integrated  concept  is  precise  allgntnent- 
staWlUly  between  gyro  axes,  and  stnall  slac  due  to  the  ability  to  interweave  the  laser  triangles.  Dis- 
advantages arc  Ihe  Inability  to  replace  a single  gyro  for  maintenance  actions,  and  dlfficuluos  Ui  im- 
plementing mectianical  dillior  for  lock-tn  compensation. 


Figure  16.  Honeywell  GG1330  laaor  triad  rate  gyro. 


7.  1.3  l.ock-in  --  lluf  phenomenon  of  lock-ln  has  historically  been  a most  prominent  error  source  in 
the  laser  gyro  and  tlie  most  difficult  to  handle.  Tito  moans  for  compensating  lock-ln  has  boeit  the  princi- 
pal factor  dotomiinlng  Uie  configuration  and  performance  of  laser  gyros  from  different  manufacturers. 

Ttio  phenomenon  of  laser-gyro  lock-ln  arises  because  of  Imporfectlons  in  Die  lasing  cavity,  principal 
ly  the  mirrors,  that  produce  backscattorlng  from  one  laser  beam  into  the  other.  (44)  'Oto  resulttjig 
coupling  action  tends  to  pull  the  frequencies  of  the  two  beams  together  at  low  rates  producing  a scale- 
factor  error.  For  rates  below  a threshold  known  as  the  lock-ln  rate,  the  two  beams  lock  together  at  the 
same  frequency  producing  no  output  ( 1.  o. , a dead-sone).  Figure  17  illustrates  Uio  effect  of  lock-in  on 
tlie  output  of  the  laser  gyt'o  as  a function  of  steady  input  rate<'. 

1710  magnitude  of  Uio  lock-ln  effect  depends  primarily  on  the  quality  of  die  mirrors.  In  general, 
lock-ln  rates  on  the  order  of  0.  01  to  0, 1 degroc-por-sccond  are  the  lowest  levels  achievable  with  today's 
laser  gyro  technology  (wlUi  0.  63-micron  laser  wavelength).  Compared  with  0.  Ol-degreo-per-hour 
navigation  requirements,  this  Is  a serious  error  source  lliat  must  be  overcome. 

A straight-forward  and  effective  approach  for  overcoming  lock-ln  is  mechanically  dithering  the 
laser  block  at  high  frequency  tlirough  a stiff  dither  flexure  suspension  built  into  the  gyro  assenuily.  *nio 
spoked  whocl-Uko  structure  in  Figure  16  is  a rotary  spring,  One  spring  on  each  side  of  the  laser  block 
suspends  it  from  the  center  post.  Fieaoelectrlc  transducers  on  one  of  me  springs  provide  the  dither- 
motor  drive  mechanism  (Figure  14)  to  vibrate  die  lasing  block  at  its  resonant  frequency  about  the  input 
axis  through  a small  angle  but  at  high  rates.  ITic  dither  rate  amplitude  and  acceleration  are  designed 
so  Uiat  Uic  dwell  time  in  the  lock-in  zone  is  short  such  that  lock-in  will  never  develop,  nic  result  is  a 
gyro  dial  has  continuous  resolution  over  the  complete  rate  range,  nic  residual  effect  of  lock-in  is  a 
negligible  scale  factor  nonlinearity  due  to  the  averaging  of  the  gyro  input  rate  across  ttic  tock-in  region 
(37).  and  a small  rai>dom  error  in  the  gyro  output  (random  rate  noise)  that  is  introduced  each  time  die 
block  passes  dirough  lock-ln  (at  twice  Uie  dtUicr  frequency). 


Figure  17  Illustrates  die  effect  of  lock-in  under  steady-state  conditionc’  (i.  o. , under  relatively  constant 
input  rates).  l.ock-ln  is  actually  a nonlinear  dynamic  characteristic  whose  response  is  dependent  on 
boUi  die  amplitude  and  frequency  content  of  Uie  gyre  input  rate.  (37) 
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By  mounting  the  readout  reflector  prism  on  ti>e  gyro  case  and  the  readout  photodiodes  on  the  block 
(Figure  13),  a simple  mechanism  can  be  provided  to  remove  the  dither  signal  from  the  gyro  output.  If 
the  gyro  center  of  rotation  is  selected  properly,  the  translation  of  the  dither  beam  across  tlm  prism 
causes  a fringe  motion  at  the  detector  Uiat  identically  cancels  the  dither  rate  sensed  by  the  block.  The 
result  is  an  output  signal  that  accurately  measures  the  rotation  of  the  gyro  case,  free  from  the  dither 
oscillation.  Alternatively,  the  readout-prism  can  bo  movmtod  with  the  readout-diodes  directly  on  tlie 
gyro  block,  with  a digital  filler  used  to  oUminato  the  unwanted  dither  motion  from  the  gyro  output.  Tlio 
penalty  is  the  bandwldtli  limitation  associated  with  the  digital  filter  dynamic  response. 

7. 1.  4 Other  Methods  for  l.ock-in  Compensation  --  The  original  ultertiatlve  to  mechanical  dither  was 
the  use  of  a Faraday  coll  within  tlio  laser  cavity  (37).  A Faraday  cell  contains  a magnetically  active 
optical  material  whoso  index-of-rofractlon  to  sircularly-polarir.od  light  can  be  altered  by  an  applied 
magnetic  field.  Since  laser  gyros  operate  wlUi  plane-polariaed  laser  beams,  quarter  wave  plates  must 
be  included  in  the  Faraday-coll  to  circularly  polarue  the  light  entering,  and  plano-polarize  the  light 
leaving  tlio  coll.  By  applying  a magnetic  field  across  the  Faraday  cell,  a differential  indox-of- 
refractlon  shift  is  created  between  the  clockwise  and  counter  deck  wise  laser  beams,  producing  a differ- 
ential change  in  Uio  optical  path  length  between  the  two  beams.  A frequency  difference  or  bias  is  Uiero- 
by  generated  between  Uio  two  beams  wltli  amplitude  and  pliase  determined  by  tlie  amplitude  and  ptiase  of 
the  applied  magnetic  field,  Tyiilcal  Faraday-cell  mochanlra lions  have  incorporated  ac-counlod  square- 
wave  magnetic  control-fields  to  washout  bios  errors  associated  wltli  control-electronics  offsets.  The 
resulting  bias,  having  known  niagttiludo  and  phase  is  Uien  easily  removed  from  tlio  gyro  pulse-output 
circuitry  by  digital  subtraction. 

An  alternate  to  the  Faraday-oell  approach  is  Uie  magnetic -mirror  concept  (based  on  tlie  transverse 
Kerr  effect)  in  which  a magnctloally  sensitive  inner  coating  (c.  g. . iron)  is  applied  to  one  of  tlie  laser 
mirrors.  (39,45)  By  applying  a magnetic  field  to  the  mirror  transverse  to  the  laser  beam,  a differential 
pliasc  shift  is  introduceu  between  the  reflected  clockwise  and  counterclockwise  beams  which  appears  as  a 
differential  patli-lcngth  change  around  tlie  cavity.  Hie  result  is  a bias  Imposed  on  tlie  gyro  output  that  is 
controllable  by  the  applied  magnetic  field.  Bias  uncertainties  can  be  compensated  through  use  of  an  alter- 
nating biasing  technique  (such  as  the  square-wave  approach  utilized  with  the  Faraday  coll).  Additionally, 
the  magnetic  mirror  can  be  operated  in  a saturated  ulas  state  to  eliminate  bias  error  susceptibility  to 
stray  magnetic  fields,  a problem  with  tlie  Faraday  cell  which  has  generally  required  magnetic  shielding 
around  the  gyro  to  minimize  magnetically  induced  error  effects. 


An  advantage  for  the  Faraday-cell  or  magnetic-mirror  concepts  la  the  ability  to  develop  loek-ln 
bias  componsatloti  clcclrically  wititout  a mcclunlcal  diUter  flexure  requirement  for  each  gyro.  As  a 
result,  high  packaging  densltiea  arc  achievable  through  muUl-gyro  integration  (c.  g. , Figure  16). 

Another  advantage  arises  because  of  the  ability  to  generate  a square-wave  diUiercd  bias  that  has  a low 
frequency  and  a rapid  traversal  rate  U«rougti  lock-in  (i.e. , short  dwell  lime  in  the  lock-in  zone  for  each 
traversal,  and  few  traversals  |K»r  unit  of  time).  Thus,  lower  random  noise  is  generated  from  this  poten- 
tial error  source  (as  contrasted  with  mechanically  diUicrcd  units  where,  duo  to  tlte  Incrllal/sprlng  phys- 
ical ctiaracteristlcs  of  the  gyro  block/dithcr  assembly,  high  traversal  rates  through  tock-ln  to  reduce 
random  error  each  dither  cycle  tend  to  be  accompanied  by  high  ditltcr  frequencies,  hence  nuuiy  randont 
errors  per  unit  time  — see  subsection  7, 1.  3). 


The  principal  difficnlty  with  the  Faraday-cell  has  been  the  introduction  of  thermally  and  accelera- 
tion-sensitive bias  errors  into  the  gyro  through  tmpredieiaDle  birefringent  and  anisotropic  effects  in  f 
the  Faraday  cell.  The  latter  error  can  be  decreased  by  reducing  the  length  of  the  Faraday  cell  (and 
its  associated  biasing  capability).  Reduction  of  bias  capability,  however,  generates  scale-factor  non- 
linearities  due  to  the  inability  to  keep  the  average  rate  into  the  gyro  well  outside  of  the  lock-in  region. 

Little  has  been  published  on  the  error  mechanisms  associated  with  magnetic  mirrors.  Reference 
45  indicates  that  magnetic  mirrors  designed  for  a large  lock-in  biasing  capability  also  introduce  large 
losses  into  the  lasing  cavity  due  to  their  accompanying  low  reflectivity,  TTie  loss  effect  is  diluted  as 
bias  amplibide  capability  is  reduced.  Since  higher  gain  and  an  accompanying  degradation  in  gyro  per- 
formance stability  (see  subsection  7. 1.  5)  are  required  to  overcome  added  cavity  losses,  this  suggests 
that  a tradeoff  exists  in  the  design  of  magnetic  mirrors  between  increased  gyro  scale-factor  non- 
linearities  (for  low-bias -amplitude  mirrors,  hence  less  effective  lock-in  compensation)  versus  de- 
creased gyro  stability  (for  high-bias-amplitude  mirrors).  It  also  suggests  that  magnetic -mirror  tech- 
nology may  be  difficult  to  apply  in  0.  63-micron  lasers  (a  higher  accuracy  gyro  configuration  compared 
to  the  1. 15-micron  wavelength  units  but  with  lower  available  gain  to  overcome  cavity  lossesj  see  sub- 
section 7. 1.  5).  ^cept  for  experimental  models,  laser  gyros  incorporating  magnetic  mirrors  to  date 
have  only  utilized  the  1. 15-micron  transition,  and  have  been  implemented  with  lower  amplitude  lock-in 
biasing  capabilities  compared  with  mechanically  dithered  instruments,  (39,46) 

Another  approach  for  overcoming  lock-in  has  been  the  multioscillator  or  differential  laser  gyro 
(DILAG)  concept.  (45,47,48,49)  This  method  also  incorporates  a Faraday  bias  cell,  but  in  a manner 
that  tends  to  cancel  the  effects  of  bias  shift  generated  by  the  intrusion  of  the  cell  into  the  laser  cavity, 

A polarizing  crystal  is  used  within  the  cavity  to  create  two  pairs  of  counter-rotating  beams,  aach  pair 
oppositely  polarized  from  the  other.  Hence,  two  laser  gyros  are  created  in  the  same  cavity,  each  being 
separable  through  use  of  a poiaroid  filter  on  the  outptit,  Ihe  effect  of  the  opnosite  polarization  between 
the  two  laser  sets  is  to  make  each  respond  in  the  opposite  sense  to  the  applied  Faraday  bias.  Hence, 
one  gyro  output  becomes  biased  in  the  opposite  direction  from  the  other.  Summing  the  two  signals 
doubles  the  sensed  rate  signal  and  theoretically  cancels  the  Faraday  bias  from  the  output,  including  the 
deleterious  effects  of  bias  uncertainties.  As  a result,  high  amplitudes  of  Faraday  bias  can  be  used, 
providing  adequate  capability  for  compensating  lock-in.  In  addition,  the  need  to  use  alternating  bias  is 
eliminated  due  to  the  cancellation  of  bias  effset  uiicoriaiuties  at  U'e  gyro  output. 

The  accuracy  of  the  DILAG  approach  hinges  on  the  degree  to  which  error  effects  in  the  gyro  pairs 
are  equal  and  opposite.  Little  has  been  published  In  tills  regard  In  the  open  literature.  One  possible 
source  of  noncancelUng  bias  error  In  the  DILAG  Is  anisotropic  and  birefringent  effects  in  the  polarizing 
crystal.  Reference  50  suggests  that  the  effect  of  off-nomlnal  cavity  tuning  (h  a. , operation  off  the 
center  of  the  Doppler  gain  curve)  can  have  a significant  contribution  to  noncancelUng  bias  errors  in  the 
DILAG.  Because  of  the  polarizing  crystal  and  Faraday  cell  in  tlie  laser  cavity,  higher  losses  are  pre- 
sent In  the  DILAG  which  must  be  compensated  by  higher  gain.  Decreased  accuracy  can  thereby  result 
(see  subsection  7, 1.  5). 

7. 1.  5 Laser  Ovro  Operating  Wavelength  — Laser  gyros  liavo  been  designed  for  operation  with  0.  63- 
mlcron'lvlslblo  redi  or  1.  l&-mlcron  (Infrared)  laser  wavelengtlis.  In  general,  the  tradeoff  between  the 
two  wavelength  configurations  has  been  higher  accuracy  but  a more  sophisticated  design  and  manufac- 
turing technology  for  the  visible  lasers,  versus  lower  performance  but  simpler  design  and  manufactur- 
ing metliods  for  Uio  Infrared  units. 

From  a performance  standpoint,  laser  gyro  look-in,  bias  and  scale-factor  errors  are  generally 
tower  for  the  0. 63-mlcron  instruments.  L.oek-in  is  proportional  to  the  operating  wavelength  squared 
(44),  hence,  other  factors  being  equal,  is  a factor-of -four  smaller  for  tire  0.  63 -micron  gwo.  Laser 
gyro  readout  detectors  (typically  silicon)  have  a higher  amplitude  response  to  the  0.  63-inioron  com- 
pared to  the  1. 15-micron  wavelength,  honee  higher  gains  are  generally  required  in  1.  lb-micron  lasers 
for  adequate  output  signal  strength.  Sbtcc  laser  gyro  scale-factor  error  increases  wltit  laser  gain 
(37.44,  51)  decreased  scale-factor  accuracy  results.  Langmuir  flow  also  Increases  wlUi  increasing 
gyro  gain  (41),  Uius  tower  gyro  bias  stability  is  generally  oliaracterlstio  of  1. 15-mloron  laser-gyro 
configurations. 

laser  gain  increases  witti  increasing  wavelength  (38),  hence  higher  gains  are  typically  achievable 
with  L IS-micron  units  ano  cavity  losses  arc  more  easily  overcome  (or  conversely,  cavity  loss  design 
and  manufacturing  requirements  cun  lie  relaxod).  For  U«c  0.  63-mioron  laser  gyro,  cavity  design  and 
manufacturing  processes  must  bo  carefully  controlled  to  assure  Uiat  losses  are  stable  and  less  than  Uie 
available  gain.  Front  a mirror  technology  standpoint,  the  1.  15-nilcron  laser  dielectric  mirror  Is 
typically  simpler  to  design  and  manufacture,  due  to  Uic  lower  sensitivity  of  Us  transmisslbiUty  cliaractcr* 
istic  with  material  parameter  varlaHons.  lltc  0.  63-inicron  mirror  technology  on  the  otiicr  hand  can 
have  significant  transmlssibiUty  variations  wlUi  parameter  changes.  Consequently  0.  63-mlcron  mirror 
materials  must  be  more  stable  to  malnUin  constant  gain/ loss  cliaractorlstlcs  In  the  laser  cavity  for 
repeatable  gyro  performance. 

7.  i.  6 Size  Versus  Herformance  --  Oaneral  scaling  laws  for  laser  gyros  vary,  depending  upon  gyro 
configuration  and  analytical  ct^^r  theory  assumptions.  Honeywell's  experience  wltlt  memianically 
dlUtercd  units  has  been  Itiat  lock-in  and  bias  uncertainty  vary  inversely  between  the  square  and  cube  of 
the  gyro  path  length,  and  acaic-factor  uncertainty  variea  Inversely  as  the  path  length.  (37,  51)  ITitis, 
laser  gyro  perfomiance  is  heavily  Influenced  by  gyro  alae  with  the  larger  units  being  the  most  accurate. 


7, 2 Analytical  thiscrlpUcm^and  t^ro;*  Mod^l 

Bccauae  the  laser  gyro  Is  based  on  optical  rather  than  inertial  mass  prlnclplea,  the  device  has  no 
acceleration-sens  Hive  bias  errors  that  corrupt  Us  accuracy,  'nieoretically  (wlUiout  Uiitrument  iinper- 
fectlooa).  the  laser  gyro  Is  an  ideal  alngle-degrec-of-frcedom  Incremental  rate-integrating  aenaor. 


The  analytical  model  for  the  laser  gyro  parallels  that  for  the  single-degree-of-freedom  floated  gyro 
(see  Eq.  (8),  (10),  and  (ll))v/ith  errors  associated  with  mass  properties  removed 
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g(u„)  ” generalized  linearity  error  (containing  synimetrical  and  asymmetrical 
* components) 

B = "fixed"  bias  error 
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n^  » random  bias  error  with  unbounded  integral  value 

n2  ° random  bias  error  with  bounded  integral  value 

it  should  bo  noted  U\at  the  analytical  model  defined  by  Eq.  (44)  represents  dm  net  effective  input/ output 
relation  for  the  laser  gyro  wid)  control  loops  and  lock-in  compensation  implemented.  Analytical  models 
for  the  "open-loop"  gyro  are  available  in  the  literature  that  define  the  dyj>amic  characteristics  of  the 
lock-in  effect  (37,  4«),  In  general,  however,  those  models  are  valuable  principally  for  gyro  design; 
they  are  not  useful  for  system-error-analysia  purposes. 

The  "fixed"  scale-factor-error  coefficient  (sp)  in  Eq.  (44)  is  cau.vod  prlnclpalty  by  gain/loss  varia- 
tions in  tbc  laser  cavity,  laser  path-ieneth  deviations  from  nominal  due  to  manufacturing  tolerances 
and,  depending  on  design  adequacy,  residual  thermal  effects  (anomalies  in  the  path-length  control  loops 
in  compensating  residual  d»ermal  expatisioit  of  the  Cervil  laser  cavity).  Tlic  symmetrical  scale-factor- 
error  term  (fduvl))  Is  die  residual  effect  of  lock-in  for  lase**  gyros  employing  mechanical  diUter  for 
comnoivsatlon.  (67)  Tlic  g(U)()  term  is  the  residual  effect  of  lock-in  for  gyros  Incorporating  non- 
mectianicat  lock-in  compensation.  In  general,  the  magnitude  of  die  scale-factor  Uneartty  error  for  a 
given  Input  rate  is  proportional  to  the  degree  to  which  die  biased  gyro  input  is  removed  from  the  tock- 
ui  region  (on  die  average)  divided  by  input  rate  twtng  sensed  (i.  e. , the  linearity  error  is  measured  as  a 
fraction  of  input  rate).  Ttic  width  of  the  tock-ln  region  is  pronortional  to  lock-in  rate,  thus,  low  scale- 
factor  linearity  error  is  achieved  wiUt  a high  ratio  of  applied  bias  to  lock-in  rate. 

Uto  Bp  fixed-bias  term  in  tiie  laser  gyro  is  caused  by  ctrculaiine  flow  phenomena  m the  lasing 
cavity  titat  cause  differential  optical  pal)i-lcngt!t  variatioits  between  the  clockwise  and  eountercloci^ise 
laser  beams  (37,41),  forward-scatterbig  effects  caused  by  laser  cavity  Interference  wii^  Ute  laser  (e. 
beam  buerrsetions  wltli  imperfect  mirror  surfaces)  Uiat  produce  differential  piia^te  shifts  between  tlw 
laser  beams,  and  residual  errors  introduced  by  the  took-in  compensation  device,  titc  tatter  effect  ;s 
peculiar  to  lucr  gyros  using  nonmechanlcal  lock-in  comiiensation  techniques. 

Tiie  nj  error  is  a white-  or  colored  wtiitc-noisc  effect  generated  wittiin  the  lasing  cavity.  A classi- 
cal cause,  in  U<c  case  of  nicchanically-dithered  laser  g>Tos,  is  a random-angle  error  introduced  etch 
time  tlic  gyro  input  rale  is  cycled  through  the  lock-in  rone  (twice  each  didter  cycle).  Por  laser  gyros 
utilizing  nonmeclianical  lock-in  compensation.  Dm  r.  ; random  noise  term  is  present,  but  its  source  is 
not  as  well  understood.  In  general,  nj  is  caused  by  random  instabilities  in  Die  bias -producing  meOta- 
nisms  in  the  Using  cavity,  llic  nj  error  is  typically  measured  in  terms  of  the  root-mean -square  value 
of  its  integral  over  a specified  time  period  (that  is  long  compared  to  ttie  nj  noise-process  correUtion- 
time).  As  with  classical  zero-mean  random-noise  nroccsscs,  the  avcrsgc  magnitude  of  tlie  square  of 
the  integral  of  n\  builds  linearly  witti  time;  hence,  tW  root-mean-squarc  value  builds  as  the  square- 
root  of  time.  Tne  performance  figure  for  iij  is  typically  expressed  in  degre«s-per-square-raol-of- 
hour  (deg/%/lir.  sec  Table  1). 


Hie  n.  bounded-noise  term  (on  an  integral  basis)  is  caused  by  scale-factor  errors  in  the  mccltanism 
used  to  elnninale  lock-in  compensation  bias  from  the  output  of  laser  gyros  employing  alternating  bias. 
For  mechanically  dithered  gyros  with  an  off -block  readout-prism  mount  for  passive-mechanical  bus 
removal  (see  subsection  7. 1.  3),  n^  is  caused  by  an  off-nominal  center-of-diilier  t otation.  For 


mechanically  dithered  gyros  with  block-mounted  readout  prism,  n2  is  caused  by  anomalies  or  design 
limitations  in  the  dynamic  filter  used  for  dither  rate  attenuation  For  either  mechanical  dither  com- 
pensation figuration,  the  ng  effect  is  measured  in  terms  of  the  root-mean-square  value  of  its  in- 
tegral (i.  e. , seconds-of-arc),  and  is  usually  considered  as  a part  of  the  gyro-output- pulse  quantization 
uncertainty  tor  error  analysis  purposes.  For  laser  gyros  employing  alternating  electro-optical  bias 
for  lock-in  compensation.  n2  is  caused  by  scale  factor  uncertainties  in  the  applied  electro-optical  bias, 
hence,  errors  introduced  in  digitally  subtracting  an  equivalent  bias  rate  from  the  gyro  pulse-output. 
For  error  analysis  purposes,  the  effect  can  be  modeled  as  a saw-tooth  waveform  with  amplitude  ex- 
pressed in  seconds  of  arc  and  period  equal  to  the  alternating  bias  period. 

In  general,  the  Bq,  Cq,  Vy,  terms  in  Eq.  (44)  are  measurable  and  predictable  to  a large  extent 
for  p'orpeses  of  compensation.'^  The  stability  of  the  measured  error  effects  (over  time  and  temperature) 
is  heavily  influenced  by  the  g3rro-mechanization  approach  utilized,  particularly  with  regard  to  lock-in 
compensation.  The  remaining  errors  in  Eq.  (44)  are  generally  unpredictable  (in  a practical  sense)  and 
controllable  only  through  gyro  design  and  manufac timing  practices  established  to  satisfy  application 
requirements. 


7.  3 Performance  and  Application  Areas 

Because  of  its  high  rate  capability  that  is  independent  of  bias  accuracy,  performance  insensitivity 
to  acceleration,  rugged  construction,  and  inherently  high  reliability  (due  to  the  absence  of  moving  parts), 
proposed  utilization  areas  for  the  laser  gyro  have  spanned  the  spectrum  from  benign  to  rugged  environ- 
mental applications  with  low-  to  high-accuracy  performance  requirements.  Hie  versatility  of  the  instru- 
ment is  one  of  its  principal  attributes  due  to  the  potential  for  large-volume  production  widi  associated 
reductions  in  cost  and  increases  in  reliability  that  accompany  large-scale  production  programs. 

Performance  figures  compatible  with  1-nmi/hr  inertial  navigator  requirements  (see  Table  1)  have 
been  demonstrated  with  nioclianically  dithered  triangular  laser  gyros  v/ith  0.  83-micron  wavelength  and 
S.  7-lnch  size  (each  triangle  leg)  by  gyro  laboratory  testinf;  and  system  flight  testing.  (3,  7,  10,  52.  53) 
These  performance  capab'Hties  have  been  achieved  without  thermal  controls,  through  thermal  and  vibra- 
tion exp-isures,  from  turn-on  to  turn-on,  and  over  several  years  without  calibration.  The  warm-up  time 
for  these  instruments  (as  for  all  laser  gyros)  Is  ncgUgible:  full  gyro  operation  is  attained  at  the  instant 
of  turn-on  Including  full  performance  capabilities  compatible  will)  Table  1 high  accuracy  requirements  for 
the  newer  technology  configurations.  (10)  Limited  data  under  hlgh-g  sled  testa  have  confirmed  the  pre- 
dicted g-insonsitivity  of  the  device  (54). 

Performance  capabilities  of  laser  gyros  utilising  nonmechanical  bias  for  loek-in  compensation  have 
been  more  compatible  will)  the  lower  accuracy  (e.  g. , AHRS)  applications  (see  Table  1).  Laser  gyros 
designed  with  magnetic-mirror  technology  using  Uio  1. 15-micron  transition  for  AHRS-aceuracy  appli- 
cations have  readily  achieved  performance  levels  in  the  'lablc  1 AHR8  category,  (30,42,43,46,55) 

Ijiser  gyros  designed  around  Uie  UILAO  concept  l.'ave  utlllaed  the  0.  63-mlcron  transition  aiid  have  tiad 
performance  goats  compatible  with  the  l-nml/hr  INS  requlremenU  in  Table  1.  TTie  limited  test  data 
available  on  the  DIIJVO,  however,  suggest  that  furilter  ileveloproent  i*  needed  before  the  concept  can  be 
seriously  considered  for  1-nmi/hr  applications  (56).  Ihc  additional  complexity  in  implementing  the 
concept  (1.  e. . four  mirrors,  (wlarixlng  crystal,  dual-gyro  electronics  and  i esdoiit)  (4T)  would  appear  to 
make  the  OtlJlG  unattractive  for  the  lower  accuracy  A tlHS-o lass  applications  wliere  its  deuionsliated 
performance  level  is  acceptable. 

Random  noise  for  the  laser  gyro  is  one  of  its  imimrlant  error  sources  in  l-iimi/hr  inertial  naviga- 
tion applications  that  must  Ih!  overcome  to  achieve  fast  reaction  time.s.  High  random  noise  extends  Uie 
time  for  system-heading  detorminatlon^to  filter  the  earth-rate  signal  from  the  gyro  noise  in  establishing 
initial  headltig.  (10)  Hie  0.  003-deg/vlir  figure  in  tushie  I is  consistent  wiUi  fsai  reaction  times  desired 
in  advanced  aircraft.  Random  noise  for  mecltantcally  diUiercd  laser  gyros  is  principally  a function  of 
mirror  quality  and  manufacturer  experience.  Tlie  technology  level  at  Hrsiioywell  will*  a 0.  63-inierofi^ 
wavelength  transiUon  is  routinely  achieving  random -noise  coeffij:«etus  to  Ute  0.0012-  to  0. 005-deg/^tr 
range.  With  the  benefits  of  teaming  as  laser  gyro  technology  phases  into  production.  0. 003-dcg7v^ 
should  become  Standard  performance. 

Rate  capabilities  for  laser  gyros  are  Inherently  hlgh,limUed  only  by  the  nolse/bandwidth  character- 
istics of  the  readout  electronics.  Requirements  in  I'atoe  ) are  easily  achieved  with  today*s  technology. 
Hie  Scale-factor  accuracy  of  the  0.  63-micron  gyro  is  exceptionally  high  (10),  meeting  Bie  Tablc-l 
higher  accuracy  5-ppm  performance  figure.  Ilic  higli  rate  and  scale-factor  accuracy  capabilities  of  Ute 
laser  gyro  are  principal  rcasoits  that  the  device  is  well  .wcitec  for  high-accuracy  »?■'  in  high-dynamic 
rate  envlronmcncs,  .sn  appllcatioii  area  where  lorque-lo-batence  gyroa  have  Umiled  utility  (due  to  scale- 
faetor-accuracy  limitations). 

(tensor  alignment  accuracy  for  die  laser  gyro  iS  determined  by  Uie  structural  stability  of  the 
meeiwnicat  interface  between  die  lasing  plane  and  the  Sensor  mount.  Notably  absent  is  the  misalignment 
caused  by  torque-loop  servodynamic  error  (present  with  the  loriiue-lo-balance  instruments)  and  the 
effect  of  pirkoff  null  movement  (present  with  all  rotati.ig  moss  gys-os).  Alignment  accuracy  capaliilitles 
of  6 seconds-of-arc  (commensurate  will)  Table  1 IN8  requirements)  are  readily  achiomble  with  mechan- 
ically dithered  Laser  gyros,  tn  the  case  of  the  nonmechanicaUy-dilhcred  gyro,  utilichlion  of  the  inte- 
grated multiple-gyro  fiackaging  design  (e.  g. . Fi^rc  16)  provides  exceptional  alignment  subitiiy  be- 
tween gyro  input  axes  for  applications  requiring  high  alignment  accuracy  Ui  severe  dynamic  environ- 
ments. (ST,  S8) 

Ute  deficiency  of  today's  ineciianically  dithered  laser  gyro  is  itc  a>se.  The  GOISOO  (Figure  IS), 
the  largest  laser  gyro  produced  by  ftoneyweli,  and  which  has  demonstrated  the  higheat  performance 
levels  thus  far  achieved  with  laser-gyro  toch^togy,  has  a 5. 7-inch  path  lengtli  (each  side  of  the  Using 
Irta.igle)  and  U IIS  cubic  inches  in  volume.  Hie  newer-technology  GG1243  Laser  gyro  currently  in 
development  at  tioncywell  for  l-iirit/hr  INS  applications,  has  a 4. 3-toch  path  length,  and  oulslilc 


dimenaions  of  6,  8 by  5.  8 by  2. 1 inches  <or  84  cubic  inches  in  voltime).  Comparable  figures  for  the 
alternate  high-acc\macy  strapdown  momentum-wheel  gyros  are  generally  half  the  volume  of  the  GG1342 
(including  electronics).  For  lower  accuracy  applications  where  nonniechanically  dithered  performance 
is  adequate,  the  laser-gyro  size  disadvantage  can  be  eliminated  through  integrated  multiple-gyro 
packaging. 


8.  PENDULOUS  ACCELEROMETER 

Accelerometers  utilized  to  date  in  strapdown  attitude  reference  and  navigation  applications  have 
almost  exclusively  been  of  the  pendulous  torque-to-balance  design.  (18)  A typical  pendulous  accelerom- 
eter is  shown  in  Figure  18.  'Die  unit  consists  of  a hinged  pendulmn  assc  'nbly,  a moving-coil  signal- 
generator/pickoff  that  senses  angular  movement  of  the  pendulum  from  a nominally  null  position,  and  a 
permanent-magnet  torque -genera tor  that  enables  the  pendulum  to  be  torqucd  by  electrical  input.  The 
torquer  magnet  is  fixed  to  the  accelerometer  case,  and  the  coil  assembly  is  mounted  to  the  pendulum. 
Delicate  flex  leads  provide  electrical  access  to  the  coil  across  the  pendulum/case  hinge  junction. 
Electronics  are  included  for  pickoff  readout  and  for  generating  current  to  Uie  torquer. 
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Figure  Id.  Honeywell  GGMl  fluid-damped  pendulous  accelerometer. 


The  deviro  Is  operated  In  the  cagod  mode  by  applying  LlectHcaJ  current  to  the  torquer  at  the  peeper 
magnitude  and  phasing  to  maintain  the  plchnff  at  nuU,  Unvder  these  conditions,  the  electrically  generated 
torque  on  the  pendulum  balances  the  dynamic  lonjoe  generated  by  input  acceleration  mirmal  to  the  pen- 
dulum plane.  Hence,  the  electrical  current  thrtiugh  the  lorqucr  becomes  propurUdtsai  to  the  input  acccl- 
erallan.  and  i»  the  output  signal  for  the  device. 


8. 1 Ci  ncrat  Dcplgti  ConsideratUvns 

Mechamsaiion  approach^*  for  the  pendulous  acceler  'uielcr  vary  between  tnanufacturers.  but  gener- 
ally fall  inlo  two  categories:  fluid  filled  and  dry  units.  Fluid-filled  devices  utilize  a viscous  fluid  tn  the 
cavity  between  Urn  pendulum  and  case  for  dampltxg  and  partial  flotation.  The  dry  units  use  dry  air, 
nitrogen,  or  electromagnetic  damping. 

Utilization  of  Uic  flUld-flUcd  approach  generally  simplifies  the  tmhdulum  design  ihte  to  the  natural 
damping  of  pendulum  resfuianccs  afforded  by  the  fluid,  the  ability  to  achieve  a given  jienduloSUy  with  a 
larger  pcndulurii  assembly  (due  to  the  (lartial  fluid  flolation)  with  associated  reduclioiis  in  manufacturing 
l(>,Yrlanccit,  and  the  ease  in  adiieving  good  dmi'>ph*q;  tn  llie  torque-to-balp.'tce  loop.  IRe  disadvantage  of 
the  fluld-fllleil  coneept  is  the  addition  of  the  fluUl  wiUt  its  unique  design  and  manufacturing  problems 
(liellows  assembly  for  fluid  espaKSion.  seals  for  \he  case  and  portions  of  the  imndulum  asscmlsly.  atid 
filUttg  the  unit  wimoul  Uitroducing  bubbles  that  »!;.ieriorate  jwrformancet,  Ibe  atit!?antage  cX  the  Cry 
accoleroniclcr  design  is  the  elitninailon  of  Uie  proldems  associated  wtUi  the  fluid,  nie  disadvantage  *s 
a more  exacting  pendulum  design  (for  a given  level  of  performance)  to  achieve  dampmg  without  fluid,  astd 
to  enable  device  niamifaclure  vit'b  gencraUy  tighter  dimciuiioial  tolerances  due  to  the  direct  transfer  of 
pendulum  manufaclurlnfs  errors  to  device  perfomiaitce  (t,  c. , without  the  attenuating  effect  of  partial 
rioUtioit  aiforded  in  the  fluid-filled  device). 


TOe  hinge  element  for  the  pendulous  accelerometer  is  a flexible  member  that  is  stiff  normal  to 
the  hmge  line  to  maintain  mechanical  stability  of  the  hinge  axis  relative  to  the  case  under  dynamic  load- 
mg,  but  flexible  about  the  hinge  line  to  minimize  unpredictable  spring  restraint  torques  that  cannot  be 
disnnguished  from  acceleration  inputs.  Materials  selected  for  the  hinge  are  chosen  for  low  mechanical 
hysteresis  to  minimize  unpredictable  spring-torque  errors.  To  minimize  hysteresis  effects,  the  hinge 
dimensions  are  selected  to  assure  that  hinge  stresses  under  dynamic  inputs  and  pendulum  movement 
are  well  below  the  yield -stress  for  the  hinge  material. 

Beryllium-copper  has  been  a commonly  used  pendulum-hinge  material  due  to  its  high  ratio  of  yield- 
stress  to  Young's  modulus  (i,  e, , the  ability  to  provide  large  flexures  without  exceeding  material  yield- 
stress),  A popular  low-cost  design  approach  for  dry  accelerometers  has  utilized  fused  quartz  for  both 
tlie  hmge  and  pendulum  by  etching  the  complete  assembly  from  a single-piece  quartz  substrate  (see 
Figure  19).  Performance  capabilities  of  the  quartz -flexure  hinge  design  have  been  limited,  however 
due  to  the  relatively  large  flexure  thickness  (hence,  spring  effect)  needed  to  avoid  hinge-fracture  under 
shock  and  dynamic  loads,  and  the  associated  bias  error  that  develops  due  to  pickoff  null  movement 
(principally  a function  of  temperature). 
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Figure  19.  Quartz-flexure  pendulum /hinge  concept. 


8,  2 Analytical  Description  and  Error  Model 

Consider  tlie  pendulum  assembly  for  the  pendulous  accelerometer  and  define  a coordimtc  frame  for 
It  with  X normal  to  the  plane  of  the  pendulum,  Y along  the  hinge  axle,  and  Z along  the  pendulum  axle 
(see  Figure  20),  A point  B is  defined  on  the  hinge  axis  in  the  plane  of  symmetry  of  the  pendulum,  and 
length  f,cG  ‘8  defined  from  B to  the  pendulum  center  of  mass.  Case-fixed  coordinate  axes  are  aUo 
defiled  to  be  nomlnallv  parallel  to  the  pendulum  axes  except  for  small  angular  displacement  0 of  the 
pendulum  relative  to  the  -le  about  the  hinge  axis  (1.  e. , Uie  angle  aenaod  by  the  accelerometer  pickoff). 
A reference  point  A Is  deined  as  fixed  to  case  axes  and  lying  on  a line  from  point  h tlirough  ttie  pendu- 
lum  center  of  mass  when  0 0*  An  equation  can  now  be  derived  for  Um)  ticcelorometer  output  in  t^rms 

of  the  acceleration  of  the  reference  point  A, 


First  group  the  foi-oes  on  the  pendulum  Into  foui’  oatogorles 


where 

Fp  o net  force  on  the  pendulum 
Fjj  = reaction  force  at  the  hinge 

Pq  = damping  force  (proportional  to  8)  provided  by  a damping  moctianism  designed 
into  tlie  instrument  (o.  g. , eloctromagnotic) 

Fij,  = force  provided  by  the  torque-generator 

Fg  = residual  error  forces  created  by  instniment  imperfections 


(45) 


The  associated  net  moment  applied  to  the  pendulum  about  an  axis  parallel  to  Uio  hinge  axis  (y)  and  tlirough 
the  pendulum  center-of-mass  is  — • .r 


^ ^ + Mg  + Md 


(46) 


where 


Yp 

M 


^ ^ 
Mj).  Mp.  Me 


» Net  y-axis  moment  on  the  pendulum  about  the  center*'of-ma8s 

« Spring  torque  about  the  hinge  axis  associated  witli  the  pendulum 
suspension  mechanism 

= moments  about  the  center  of  mass  associated  with  F^,  F,j„  and  F^ 


= distance  vector  with  magnitude  IqG  from  point  B to  the  pendulum 
center-of-mass 


% 


vinit  vector  parallel  to  the  hinge  axis  (y) 


Tbe  form  of  the  moment  term  associated  with  Fp  in  Eq.  (46)  is  the  simple  cross-product  relation  indi- 
cated at'C'Ut  the  hinge  axis  because  intersects  the  hinge  line.  Consequently,  only  the  components 
of  Fjj  along  the  hinge  line  and  normal  to  the  pendulum  can  have  a moment  about  the  center-of-mass  and 
along  m..  Since  the  moment  arm  for  each  of  these  Fp  components  is  the  same  (^cq),  the  composite 
force  vector  Fj.j  can  be  used  in  total  without  regard” to  the  individual  moment  arms  for  the  separate 
hinge  force  components. 


FIXED 


NOTE:  X,  Y,  2 ARE  FIXED  TO  PENDULUM 
Figure  20.  Feiululous-accelerometer  coordimti  frame  deflnltiou. 


With  Fq.  (45)  for  1* JJ.  Eq.  (46)  becomes 

^ ^ * ha  * £'r>^  * * ^co  * 

♦ ♦ico  * * SV>  ♦ * Uo 
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where 

" <£««)K»Ue  error  moiueitt  term*  in  brackets  C 1 Ift  Eq.  (47? 

“ net  ynaxi*  momeiU  o<t  t)ie  pendulum  about  Uie  cenier-of-mass 


(47) 


Ihe  vector  componenta  in  Eq.  (47)  are  defined  in  pendulum  axes  as 


\ 


• / 

0 \ 


icG*f  0 


■tG 


— 8 S 


=» 


M, 


witb 


\ - 


M.  « -K0 
o 


® • C 6 


where 

K 0 pendulum  eprlng^torque  8pr.ing>oQn9tant 
C a pendulum  attgular  motion  0i  damping  coefficient 
a pendulum  lorqw«i  provided  by  the  torqueagooerator 


a net  et'ror  torque  on  the  pendulum  about  the  hinge  axle 


Substitution  in  Bq.  (47)  provides  tiie  equivalent  scalar  form  for  Ute  not  ynaxis  moment  on  the  pendulum 
about  the  center •of-masa 


W “ C ^ - R 0 ■*•  M. 

Yp  to 


(48) 


Ute  x-forc«  and  y»momcnt  moinentum->iransfer  rotations  for  the  pendulum  are  now  introduced  for 
die  M.,  and  f terma  in  Eq.  (48) 
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(48) 


wltere 


m ■ pendulum  mass 


>)y«  <).  * pendulum  moments  of  inertia  about  the  pendulum  ccnter'Of'maas  along 
* y ^ axes  parallel  to  the  pendulum  x,  y.  and  ■ axes 


a„  < acceleration  of  Ute  pendulum  center-of-ntaes  parallel  to  Ute  pendulum 
*CO  x-sxls 


* inertial  angular  rate  eompooenls  of  aecelerotnetee’  caae  parallel  to 
* y ^ pendulum  x.  y.  and  s axes 


A.. 


The  a ^ term  in  Eq.  (49)  can  be  related  to  the  x-axis  acceleration  of  reference  point  A (aee 

Figure  20).  First  define  u as  the  angular  velocity  of  the  pendulum  relative  to  inertial  (nonrotating)  space 
ojC  as  the  inertial  rotation  rate  of  the  accelerometer  case,  and  up  as  the  rotation  rate  of  the  pendul^  ’ 
relative  to  the  case  (due  to  rotation  about  the  hinge  axis).  The  icceleration  of  the  pendulum  center  of 
mass  can  be  equated  to  the  acceleration  of  point  B on  the  hinge  axis  (see  Figure  20)  plus  centripetal  and 
angular  acceleration  effects  or  r 


■CG 


~ Sp  y * i^QQ  + y X (u  X ^(;;q) 


(50) 


with 


y-yc+yp  (51) 

and  where 

-CG  ” ^‘^‘^sleration  of  the  pendulum  center  of  mass 
S'P  ■ acceleration  of  point  B on  the  accelerometer  hinge  axis 
A similar  expression  can  be  written  for  the  acceleration  of  point  A on  the  accelerometer  case 

?A  = ?B  * ^-A  * ^A^  (52) 

where 


“ acceleration  of  the  case-fixed  accelerometer  reference  point  A 
= distance  vector  with  magnitude  from  point  B to  point  A 
An  equation  for  a^Q  in  terms  of  a^  is  obtained  by  combining  Eq.  (50)  to  (52) 

^CG  “ 5a  ■ * i'A  ' * 'A>  ’'i'CG 

+ (UC  * 4^^  * C(Uc  Wp)  * i'cG^ 


(53) 


The  x-axl«  component  of  Eq.  (53)  in  pendulum  axes  Is  the  desired  relationship  between  ^xcG  ^ 
and  (the  x-axis  acceleration  of  the  reference  point  A on  tlio  accelerometer  case).  The  vector 
quantities  in  1^,  (53)  are  defined  in  terms  of  their  X,  Y,  and  2 components  in  pendulum  axes  as 


Subitltullng  in  Eq.  (S3),  negteeting  9 w co»'>parcd  to  u terms,  and  cvaiuaiins  foot-  the  x-axiS  Ci<ini»aenta 
yields  the  desired  retaUooBb.ip  between  a and  a “ 

“CG  ^A 


**ca  ' **A  * ' - <*A  ’ W “x  “t  * ^CO  0 (54) 

Equations  (48).  (49).  and  (54)  in  combimtion  define  the  dynanfic  response  relation  for  Uie  pendulous 
m fSd  **‘®*’*  combining,  revised  oomeaciaturo  and  the  eifeut  of  accelerometer  misallgtiments 


Ihe  pendulosity  (Q)  of  the  accelerometer  is  defined  as  the  product  of  the  pendulum  mass  with  the 
distance  from  the  hinge  axis  to  the  pendulum  center-of-mass 


Q 


^CG 


(55) 


The  torque-generator  torque  is  defined  in  terms  of  an  equivalent  command-acceleration  with  a 
scale-factor  error:  and  the  error  torque  is  equated  to  an  acceleration  bias  defined  as  the  torque- 
generator  command-acceleration  needed  to  nullify  the  effect  of  the  error  torque  on  the  pendulum 


“ (1  + e) 

^e  ' ■ (1  + e)  *^8 


(56) 


where 

a,^  = torque-generator  command-acceleration 
a^  = accelerometer  bias 


Ihe  case  angular  rate  components  in  pendulum  axes  (Uv>  Uyi  Uz)  can  be  related  to  acceleration  com- 
ponents along  nominal  accelerometer  axes.  The  pendulumns  misaligned  from  the  accelerometer  case 
by  the  plckoR  angle  (9)  and  the  accelerometer  case  may  be  misaligned  from  the  nominal  accelerometer 
axes,  hence 


“x  “ “l  “P 

“y  " “H^-yi^P'yp^I 

= Up  + (vp  + 0)  Uj  - rj  Ujj 


(57) 


where 


I,  H.  P » nominal  accelerometer  axes  (I  ■ Input;  H » hinge;  P • pendulum;  see  Figure  IB) 


With  Eq.  (5S)  to  (57).  Eq.  (48),  (48),  and  (54)  can  be  combined  to  yield  the  Input/output  equation  for  the 
pendulous  accelerometer.  Upon  combination,  rearrangement,  and  neglecting  higher  order  terms, 
the  result  is 


a^  • (I  + c)  Caj  + Vp  aj,  - (y^,  + 9)  ap  - - 'tcQ  ' 


H 


J.  - J 


(68) 


■ «p]  ♦ + Q <Jh  + C 0 + K 0) 


where 

Jjj  • moment  of  inertia  of  the  pendulum  about  the  hinge  axis  (i.  c. , - Jy  ♦ m i^o) 


Since  4a  (the  distance  to  the  acceleration  measurement  reference  point)  w^s  arbitrarily  defined,  it  can 
be  aeleet^  to  simplify  the  error  modeL  A convenient  eelectioo  nulls  the  utt  effect  tn  Eq.  (56) 


(59) 


It  should  be  recognised  that  this  selection  corresponds  to  Ute  center  of  percussion  for  the  pendulum 
sssembly.  With  Eq.  (58),  Eq.  (58)  becomes  Ute  final  dynamic  model  fmrtn  given  belowt 


a.p  • (I  ♦ t)  CSj  * Vp  h||  ” (Fh  ♦ d)  ‘p 


(J  + J - J ) , 

-s — *u,Up3  Ui|»  ♦ce  eKd) 


(60) 


Suallon  (80)  with  (68)  defines  the  input/ output  chsracterlatle  for  the  pendulous  accelerometer,  tn 
onal  usage,  the  accelerometer  is  operated  In  oloaed-toop  fashion  such  Uiat  the  command- 
acceleration  (a<p)  torquer  input  la  used  to  malntsin  the  pickoff  angle  at  null.  Eq.  (58)  and  (60)  are  illut- 
tratsd  with  this  concept  In  block  diagram  form  In  Figure  21.  Figure  2t  shows  that  Uie  accelerometer 
output  a<f  la  proportional  to  the  input  bj  (plus  error  terms)  with  a bandwidth  characteristic  determined 
by  the  form  ^ the  torque-loop  mechanixstlon.  Implementations  commonly  uUllted  for  the  accelerom- 
eter h»^ue-loop  electronics  are  the  dlgital-rebalance  pulse*oo-dcmand  concept,  and  the  analog- 
rebalance  followup-digitiser  af^uroaeh  (see  Section  4. ). 


Figure  21.  Pendulous -accelerometer  analytical  response  diagram. 


A 


jl 
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A key  error  source  in  the  pendulous  accelerometer  is  the  K 0 spring  effect  in  Figure  21  if  a sic- 
taUnn*?!  ^ ^ If  generated  as  a result  of  the  pendulum  suspension  design,  care  must  be 

taken  to  assure  that  the  null  (under  zero  input)  is  stable.  Otherwise,  large  error-torque  variations  will 
be  generated  that  cannot  be  compensated.  Variations  in  0 are  caused  by  pickoff-detector  null  move- 
ment mechanical  movement  and  electrical  bias  shifts)  and  the  resulting  closed-loop  torquing  of  the 
pendulum  to  an  offset  0 angle  position.  <.oi4umg  oi  me 


is  given  term  is  composed  of  several  contributing  factors:  a typical  error  model 


(61) 


where 

Cq  = g-insensitive  bias  error 

Cj  = bias  error  generated  by  vibration  inputs  (linear  and  angular)  that  is 
unmodelable  for  purposes  of  compensation 

C,  = anisoelastic  error  coefficient  caused  by  unequal  compliance  (relative  to 

the  pivots)  in  the  accelerometer  pendulum  assembly  under  g-loading  along 
the  pendulum  and  input  axes 

n = stochastic  random-bias  error  caused  by  randomly  varying  instabilities  in 
the  accelerometer  assembly 

A typical  cause  for  the  Cq  g-insensitive  bias  error  is  pickoff  offset  (e.  g. , caused  by  pickoff  electrical 
null  shift)  in  conjunction  with  residual  spring  torques  in  the  pivots  about  the  hinge  line  (caused  by  flex- 
leads  for  example).  The  equivalent  error  associated  with  the  pivot  spring  and  hysteresis  effects  in 
Figure  21  is  usually  included  as  part  of  the  Cq  coefficient.  The  term  has  been  included  to  account 
for  the  fluid  dynamic  or  gas  dynamic  effects  that  are  present  in  accelerometers  utilizing  fluid  or  gas 
(between  the  pendulum  and  case)  for  damping.  Tbe  inertial  and  viscous  properties  of  the  fluid  (or  gas) 
as  it  interacts  with  the  pendulum  have  been  neglected  in  the  development  of  Eq.  (60)  (and  Figure  21). 

The  scale-factor  error  for  the  pendulous  accelerometer  includes  linearity  error  effects  and  is 
typically  modeled  as 


e 


(62) 


The  terms  in  Eq.  (62)  directly  parallel  those  for  the  floaled-gyro  scale-factor-error  model  (Eq.  (10)) 
discussed  previously. 

Compensation  fo’’  the  pendulous  accelerometer  is  designed  to  remove  the  predictable  error  terms 
from  the  output  by  mee.saring  their  values  and  using  them  in  the  system  computer  for  sensor-output 
correction.  The  stability  of  the  measured  coefficients  over  time,  temperature,  vibration,  input  profile, 
and  from  turn-on  to  turn-on  ultimately  determines  the  device  accuracy  (and  required  calibration 
interval).  . 


8.  3 Performance  and  Application  Areas 

Both  fluid-filled  and  dry  versions  of  the  pendulous  accelerometer  have  been  utilized  in  strapdown 
applications  where  performance  in  the  Table  1 1-nmi/hr  INS  category  has  been  required.  One  ^ the 
original  strapdown  applications  for  the  device  was  in  ttie  velocity  cut-off  switch  for  several  spacecraft 
launch  vehicles  (e.  g, , a dry  unit  was  utilized  on  the  original  Agena  upper-stage  booster,  and  a fluid- 
filled  unit  was  incorporated  in  the  original  Delta  upper-stage  vehicle).  Fluid-filled  versions  are  now 
in  use  on  the  advanced  Agena  and  Delta  inertial  guidance  systems.  Fluid-filled  units  have  recently 
demonstrated  adequate  performance  in  l-nmi/hr  long-term  terrestrial  cruise  strapdown  INS  develop- 
mental flight  tests  (3,4,  5)  in  moderate  vibration  environments  without  heaters  utilizing  temperature  to 
compensate  for  thermally  sensitive  errors  (principally  scale-factor  error  and  pickoff  null  instability). 
An  advanced  development  model  strapdown  laser-gyro  INS  has  recently  been  designed  for  general 
l-nmi/hr  application  utilizing  a fluid-filled  accelerometer  and  has  initiated  developmental  testing.  (7) 

Lower  performance  strapdown  systems  (e.  g, , tactical  missile  systems)  in  recent  years  have  al- 
most exclusively  utilized  the  dry  quartz-flexure  design  due  to  its  low-cost  benefits.  Performance 
capabilities  of  the  device  in  these  applications  have  generally  been  compatible  with  Table  1 (AHRS) 
requirements  without  using  heaters  for  temperature  control.  Use  of  the  dry  design  in  the  higher  per- 
formance areas  has  been  limited,  and  has  generally  required  heaters  to  stabilize  performance:  e.  g. , 
ATIGS.  (7,54)  Temperature  measurements  can  be  used  to  compensate  for  predictable  performance 
variations.  However,  for  the  dry  quartz -flexure  unit,  the  bias  temperature-variations  (e.  g. , picko^. 


temperature  measurements  alone,  hence  temperature  control  has  been  required  to  achieve  high  accur- 
acy (with  an  accompanying  reaction  time  penalty  for  warmup,  and  a cost  penalty  for  temperatime 
controls). 

In  severe  vibrations  (possibly  amplified  by  sensor-assembly  mounting-structure  resonances) 
rectification  of  the  anisoinertia,  and  particularly  the  piekoff-angle  cross-coupling  error,  can  produce 
bias  deviations  in  the  pendulous  accelerometer  (see  Figure  21).  Tlie  latter  effect  (also  taown  as  vibro- 
pendulous  error),  is  produced  by  torque-loop  dynamic  error  under  high-frequency  acceleration  inputs 
(I),  and  the  resulting  cross -coupling  of  P-axis  acceleration  into  the  sensor  output  (i.  e. , a g-squared 
error  effect).  For  I-  and  P-axis  acceleration  components  at  the  same  frequency,  a rectification  is 
possible,  depending  on  the  relative  phasing  of  the  acceleration  components.  Worst-case  vibropendulous 
error  occurs  for  acceleration  vibration-vector  inputs  normal  to  the  hinge  line,  and  45  degrees  from  the 
input  axis.  The  magnitude  of  the  vibropendulous  effect  depends  on  the  bandwidth  of  the  accelerometer 
loop  relative  to  the  vibration  frequencies  encountered.  B^dwidths  in  the  100-  to  300-Hz  region  are 
representative  of  fluid-filled  accelerometers,  which  is  generally  wide  enough  to  maintain  the  vibro- 
pendulous effect  at  a tolerable  level  for  most  applications  (10  pg/g^  for  typical  military  vibration  pro- 
files including  the  input-vibration  frequency-attenuation  effect  typically  afforded  by  the  strapdown  sen- 
sor assembly  mount).  For  the  dry  accelerometer  configuration, vibropendulous  effects  have  generally 
not  been  as  much  of  a concern  because  loop  bandwidths  have  been  typically  wider  (e,  g.  - 800  Hz). 

With  regard  to  bandwidth  effects,  it  should  be  noted  that  a disadvantage  for  the  pendulous  accelerom- 
eter in  some  applications  is  the  need  for  wide  bandwidth  to  reduce  vibropendulous  error.  This  limits 
the  ability  of  the  accelerometer  pendulum  to  filter  out  high-amplitude  vibration  inputs  that  may  be  pre- 
sent on  the  input  signal.  As  a result,  current  levels  for  the  torque  loop  and  associated  digitizing  elec- 
tronics (see  Section  4. ) may  be  higher  and  more  difficult  to  handle  accurately. 


9.  CONCLUDING  REMARKS 

Several  sensors  are  available  today  that  generally  meet  strapdown  system  performance  require- 
ments, each  with  advantages  and  limitations,  depending  on  the  area  of  application.  Hie  ultimate  selec- 
tion of  a sensor  to  meet  particular  requirements  can  be  made  only  through  a careful  tradeoff  evaluation 
that  assesses  reliability,  maintainability,  cost,  size,  weight,  and  power  factors,  as  well  as  performance. 
One  of  the  principal  tradeoffs  in  the  selection  of  a strapdown  gyro  are  the  potential  advantages  projected 
for  the  newer-technology  instruments  not  yet  in  production  (i.  e, , the  electrostatic  and  laser  gyros) 
versus  the  known  capabilities  and  limitations  of  established  production-gyro  technology  (i.  e. , the 
floated  rale-integrating  and  tuned-rotor  gyros).  For  the  strapdown  accelerometer,  tradeoff  selection 
alternatives  will  remain  limited  until  new  innovations  are  developed  specifically  for  strapdown  applica- 
tion that  overcome  the  limitations  in  existing  pendulous  accelerometers  originally  designed  for  gimbaled 
application. 
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STRAPDOWN  SYSTEM  ALGORITHMS 
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SUMMARY 

Strapdown  system  algorithms  are  the  mathematical  definition  of  processes  which  convert 
the  measured  outputs  of  inertial  sensors  that  are  fixed  to  a vehicle  body  axis  into 
quantities  which  can  be  used  to  control  tl-.e  vehicle.  The  outputs  of  body-fixed  inertial 
sensors  are  angular  rates  and  linear  velocities  along  orthogonal  axes.  The  measured 
angular  rates  are  converted  into  changes  in  attitude  of  the  vehicle  with  respect  to  its 
initial  orientation.  The  resulting  attitude  transformation  matrix  is  used  to  convert 
the  measured  velocities  from  body  axes  to  reference  coordinates. 

The  algorithms  which  define  the  direct  initial  operations  on  the  measured  outputs  of  the 
sensors  are  critical  and  specific  for  strapdown  systems.  Operational  algorithms  for 
initializing  the  system  and  for  converting  the  velocities  in  reference  coordinates  into 
navigation,  guidance  and  control  parameters  are  essentially  equivalent  to  similar 
algorithms  for  gimballed  inertial  systems. 

Strapdown  system  algorithms  are  always  a compromise  between  accuracy  and  cost  of  imple- 
mentation in  airborne  digital  computers.  High  iteration  rates,  sophisticated  integra- 
tion techniques  and  long  word  lengths  in  general  improve  performance  but  increase  costs. 
The  algorithms  are  optimized  by  simulation  and/or  emulation  using  a general  purpose 
laboratory  digital  computer. 

This  paper  describes  the  essential  algorithms  in  terms  of  the  analytic  equations  and  the 
procedures  for  optimizing  the  critical  algorithms. 


1.  INTRODUCTION 

Algorithms  for  strapdown  inertial  systems  are  the  specific  operations  or  mathematical 
processes  by  which  a digital  computer  transforms  measured  outputs  of  the  body-fixed  sen- 
sors into  useful  parameters  for  control  of  the  carrying  vehicle.  The  required  control 
parameters  (such  as  vehicle  attitude,  velocity,  and  position)  in  a reference  coordinate 
system,  as  well  as  their  characteristics  (such  as  resolution,  accuracy,  and  dynamic 
range)  are  established  by  the  intended  application  of  the  system.  Detailed  algorithms 
at  the  machine  level  are  a function  of  the  instruction  set  of  the  computer  and  the  pro- 
grammer or  microprocessor  designer.  This  paper  describes  only  the  highest  order  algo- 
rithms! the  analytic  equations. 

The  algorithms  for  a strapdown  system  are  sot  by  the  system  functional  requirements. 

The  only  absolutely  requisite  function  for  all  strapdown  systems  is  the  generation  of  a 
direction -cosine  transformation  matrix  that  relates  the  attitude  of  the  carrying-vehicle 
frame  axoo  to  an  arbitrarily  specified  reference  coordinate  system  with  a )(nown  relation 
to  inertial  space.  Thu  critical  processing  roquirement  for  any  3trapd(»»n  system  Is  the 
algorittun  that  generates  this  transformation  matrix  by  operation  on  angle  inoroaents 
measured  by  the  gyroscopes. 

2.  STRAPOOWN-SVSTICM  PROCESSING  REQUIREMENTS 

The  total  processing  requirements  for  a strapdown  system  vary  widely,  det>ending  on  the 
intended  application  of  the  system.  Applications  range  from  a simple  unslaved  uncom- 
pensated attitude  reference  device  to  a precision  autonomous  inertial  navigation  system. 

Eigure  1 is  a logic  flow  chart  showing  the  computer  functions  for  a typical  autonomous 
strapdown  inertial  navigation  system  for  a cruise-vehicle  application.  Although  this 
flow  chert  shows  a main-line  high-ropetition-rato  solution  for  generating  the  attitude 
transformation  matrix,  and  a lower  repetition- rate  subroutine  for  generating  navigation 
guidance  and  control  functions,  this  partitioning  scheme  is  not  mandatory.  For  some 
applications,  a single  fixed-iteration  program  is  more  effective. 

Deviations  from  the  sequence  may  also  be  ex|>ected  in  operational  systems.  Some  of  the 
control  functions  (e.g.,  attitude)  might  be  calculated  before  the  navigation  equations, 
and  the  computer  self-test  processes  might  be  accomplished  on  a regular  basis  in  flight. 

3.  SPECIFIC  ALGORITHNS 

The  ma;}or  algoritttms  for  detailed  discussion  are  start-up,  initialization,  generation 
of  the  tr.ans  format  ion  algorithm,  navigation,  and  control. 

2 • 1 Start-up  and  self-tost 

The  operational  readiness  of  almost  all  state-of-the-art  strapdown  systems  is 
determined  immediately  after  prime  power  is  applied  at  tum-on  by  built-in  stimuli- 


response  go/no-go  tests.  The  complexity  of  these  built-in  tests  (BIT)  and  associated 
built-in  test  equipment  'BITE)  is  usually  determined  by  the  system  mechanical  configura- 
tion and  maintainability  ••uirements  for  fault  isolation. 

As  a general  rule,  the  built-in  tests  must  isolate  a very  high  percentage  of  system  faults 
to  a single  functional  module  such  as  the  gyroscopes,  accelerometers,  control  electronics, 
and  processors.  The  procedures  are  straightforward  for  most  systems. 


Because  sensors  are  almost  always  closed- loop  servo  systems,  a conventional  test  tech- 
nique is  to  insert  sequential  step-function  biases  in  two  polarities,  using  BITE  and 
testing  the  output-response  amplitude  as  a function  of  time.  For  spinning-wheel  gyro- 
scopes, it  is  also  necessary  to  teat  back  emf  of  the  gyro  wheels  to  know  that  they  are 
synchronized.  Sensor  tests  often  include  temperature  monitoring.  Electronics  are 
checked  by  application  of  a known  input  and  verification  of  the  expected  output. 

The  processor  is  checked  by  a sample  problem  using  inputs  stored  in  memory  to  represent 
sensor  measurements.  The  outputs  are  compared  to  the  kncfwn  solutions,  which  are  also 
stored  in  memory.  These  outputs  are  selected  to  maximize  the  hardware  and  softo/are  used 
to  arrive  at  the  solutions.  These  go/no-go  sample-problem  computer  checks  are  often 
periodically  solved  in  flight. 


Figure  2 is  a block  diagram  of  the  go/no-go  test  sequence  for  an  operational  strapiown 
inertial  system  for  missile  guidance  application. 


3.2  Initialization 


Any  strapdown  inertia.,  system,  as  a dead-reckoning  device,  must  know  the  initial  condi- 
tions of  the  velocity  and  position  vector  it  must  measure.  The  initial  velocity  vector 
direction  is  established  by  the  process  of  alignment.  Vector  magnitude  is  defined  with 
respect  to  initial-position  and  velocity  coordinates  inserted  in  the  computer  from  an 
external  source.  The  initialization  process  often  includes  self-calibration  of  t.htt 
sensors.  These  processes  are  shown  in  the  functional  flow  diagram  of  Figure  3. 

3.2.1  Alignment 

Alignment  is  the  process  of  initially  locating  tae  sensitive  axes  of  the  accelerometers 
with  respect  to  the  reference  or  navigation  coordinate  system  axes. 

Alignment  may  be  either  autonomous  (without  recourse  to  other  equipment) , or  slaved  (by 
matching  the  strapdown-systen  outputs  to  some  external  system) , or  any  combination  of 
the  two  techniques.  Because  practical  navigation  is  most  often  referenced  to  an  earth- 
oriented  coordinate  system,  autonomous  alignment  is  feasible  by  measuring  the  direction 
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Figure  1.  Functional  Clow 
diagram,  strapdown  algorithms. 


of  earth-rate  and  gravity  vectors  with  the  strapdown-system  sensors.  Autonomous  align- 
ment consists  of  the  two-step  process  of  self-leveling  and  gyrocompassing. 

Accelerometers  measure  both  earth-gravity  and  case  accelerations  without  distinction. 

In  a vehicle  that  is  not  accelerating  with  respect  to  the  earth,  self-leveling  is  accom- 
plished by  initial  computation  of  the  direction  cosine  transformation  matrix  to  force 
the  transformed  velocity  vector  (from  earth  gravity  acting  on  the  accelerometers)  to 
have  zero  components  in  the  horizontal  reference  coordinate  directions. 


The  analytic  relation  between  the  strapdown-system  measurements  and  earth-fixed  forcing 
vectors  (gravity  and  rotation  rate)  are  given  by 
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All  nine  elements  of  the  3 times  3 .Hmctjnn-cosine  transforwdtion  matrix  can  be 
uniquely  specified  by  three  ir> h'pende’.t  paramvters;  pitch,  roll,  and  asimuth.  Since 
azimuth  is  a rotation  about  tne  vertical  axis,  dec'i-^ud  by  the  direction  of  g,  the  earth- 
gravity  vector.  Eq.  (la)  may  tvs  solved  for  pitch  and  ro)5. 

gyrocompass ing  is  a closed -Icop  prt'xiess  of  locating  trxie  berth  hy  co4>ti>uti»g  heading  as 
an  element  of  the  trans format ion  matrix  that  hag  been  initially  leveled.  In  strapdown 
systems,  gyrocompassing  m exactly  analogous  to  the  same  process  in  gimballed  systems. 
il.2)  the  analytic  glbliala  are  torqued  until  the  East  cempoi^env  of  the  gyro  angular- 
rate  measurement  in  the  horizontal  plane  in  nulled.  Equation  tlL)  is  solved  by  using 
the  solution  of  Eq.  (la>. 

The  closed- loop  gyrocompassing  process  provides  a convenient  technique  uy  which  gyro 
bias  drifts  can  be  tteasured  and  compensated,  the  p,  q.  r outputs  o-f  the  .^yr'csco^s  are 
a combination  of  res{!onse  to  the  earth-rate  forcing  function  input,  and  their  own  inter- 
nally generated  error  drift  rates.  iMrviously,  g-rocompassing  can  measure  a total  drift 
rate  al^ut  the  vertixal  axis  by  reinrrsive  solutions  of  « until  the  easterly  rate  is 
zero.  Also,  since  tl>e  initial  latitude  of  the  s-trapdown  system  Is  known,  the  true  mag- 
nitude of  Perth  component  of  earth  rate  is  calctilablc  and  may  be  comt>ared  to  the 
sured  magnitude  of  Korth  component  of  earth  rate  to  determine  a correction  draft  rate. 

In  gisballed  inertial  systums,  this  calibration  process  during  gysrocompass  aligiu4ent  is 
often  expanded  by  r<'itatlng  the  inner  frame  through  90  degrees  so  that  the  gyros  which 
initially  measured  vato  about  the  East  horisontal  axis  are  now  along  (fiorth,  allowing 
estimate  of  bias  drift.  This  technique  not  only  Improves  inflight  by 

reducing  the  gyro  bias  drifts,  but  also  improves  the  initial  hca.Ung  eltor  estresats.. 
this  results  because  the  Korth  direction  is  now  obtained  by  "I'.  ’•>  the  »tast  hzrizcntal 
earth  rates  using  gyroscopes  whose  bias  drift  has  been  cali^r.itcl  and 
down  systems,  however,  have  the  gyros  fixed  to  the  vehlcU  ^ra»«,  afid  cann-t  Lr.cerjwrate 
this  sophistication  without  rotating  the  carrying  vehicle  tnrour.i  90  desr-nes  in  heading, 
a procedure  that  is  operationally  cumbersome. 


* contrifugal-f oi ce  corrections  resulting  from  earth  t»‘.c  must  be  iiwsluded  if  Ute  navi- 
gation coordinates  ere  earth-centered  rather  than  lf‘cal- level. 


Although  self-lovGling , alignment  and  calibration 
they  are  most  often  implemented  simultaneously  by 


are  defined  as  sequential 
Kalman  f iltering . [ 3) 


processes 


referenL^°'^roD?iLrs?ahl?r"’'  the  strapdown  system  to  an  external 

A.-  ? °ptical  Sighting  system  or  a reference  navigation  system  including  master 

^ ^ electronic  systems  such  as  Omega,  loran.  Global  Positioning  System  (GPS)  or 

local-precision  Distance  Measuring  Equipment  (DME)  position  networlc.  ' 


of  having  the  sensitive  axes  of  the  accelero- 
meters in  a known  and  fixed  relation  to  the  vehicle  body,  though  somewhat  detrimental 
to  gyrocompassing,  is  helpful  for  case-alignment  methods.  For  applications  such  as  sur- 
missile,  for  example,  an  external  optical  system  or  other  instrumentation 
ot  the  launcher  may  be  used  for  azimuth  alignment  of  the  missile  frame  and  therefore  the 
inertial  system.  An  equivalent  technique  for  alignment  of  a gimballed  inertial  system 
introduces  errors  inherent  in  electrical  or  mechanical  caging  of  the  gimbals#  or  in  pro- 
viding look— through  windows  in  the  missile  skin  for  theodolite  observation  of  a prism 
on  the  inner  gimbal. 


Mechanical— alignment  techniques,  however,  have  very  limited  application  as  compared  to 
the  process  of  aligning  the  strapdown  inertial  system  to  an  external  reference  naviga- 
tion system.  Because  alignment  is  determining  the  orientation  of  the  sensitive  axes 
of  the  strapdown  accele'^ometers  with  the  coordinate  axes  established  by  the  reference 
navigation  system,  the  general  alignment  technique  is  velocity  matching.  When  the 
velocity  outputs  of  the  strapdown  inertial  system  and  reference  system  are  "identical", 
for  a common  forcing  function  generated  by  the  vehicle  maneuvers,  the  relationship 
between  the  two  systems  is  given  by 
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Since  the  measured  velocity  outputs  of  the  strapdown  lisortial  system  are  time  integrals 
of  the  accelerometer  outputs,  the  forcing-function  vehicle  maneuver  must  supply  accel- 
erations along  the  axes  that  must  be  aligned. 

If  the  strapdown  inertial  system  and  reference  system  had  no  errors  in  measuring  the 
magnitude  of  the  velocity  vector,  then  a single  deterministic  solution  cf  Eq.  (2)  would 
solve  their  differences  in  measuring  the  direction  of  the  velocity  vector  and  determine 
alignment.  For  real-world  solutions,  however,  only  best  estimates  of  misalignmeiiz  can 
he  achieved  using  digital  filtering  techniques  and  accounting  for  measurement  errors  by 
a combination  of  deterministic  and  statistical  mathematical  modeling. 

This  type  of  alignment,  performed  periodically  in  flight,  is  the  basis  for  state-of-the- 
art  integrated  strapdown  inertial  radio  navigation  systems. [4-7]  These  systems  combine 
the  high-frequency  response  characteristics  of  the  strapdown  inertial  system  with  the 
long-term  stability  and  accuracy  of  the  radio  system  for  better  performance  than  can  be 
achieved  by  either  system  alone. 

Figure  4 is  a block  diagram  of  a simple  digital  alignment  filter  that  is  currently  oper- 
ational as  part  of  the  U.S.  Navy  Air  Combat  Maneuvering  Range  for  integration  of  a low- 
performance  strapdown  inertial  system  with  precision  DME  measurements  of  vehicle  posi- 
tion and  velocity. 

3.2.2  Sensor  calibration 

During  the  alignment  process,  maximum  performance  of  any  strapdown  inertial  system 
requires  some  calibration  of  the  sensors.  This  calibration  counters  the  unpredictable 
turn-on-to-turn-on  or  day-to-day  shifts  in  sensor  performance  that  result  from  time, 
temperature  changes,  or  electromagnetic  environment  changes  of  the  sensor. 

As  previously  described,  the  self-leveling  and  gyrocompassing  modes  of  alignment  offer 
possibilities  for  a limited  calibration  of, the  total  bias  drift  of  the  vertical  and 
northerly  gyros.  The  limitation  in  calibration  capabilities  results  because  the  forcing 
functions  of  earth-rate  and  gravity  vectors  are  fixed  in  magnitude  and  direction  with 
respect  to  sensor  sensitive  axes;  this  limits  the  observ^ilityi.pfi^sensOEeflXXOm^ 
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Figure  4.  Least  squares  integration  filter. 

In  principle,  velocity-matching  techniques  allow  complete  separation  and  calibration  of 
any  sensor  error  that  can  be  measured  in  the  laboratory  and  then  related  to  a mathemati- 
cal model  of  the  sensor.  In  practice,  this  type  of  dynamic-error  compensation  is  limited 
to  only  a few  major  errors  of  each  sensor.  Limitations  come  from  practical  considera- 
tions of  the  speed  and  accuracy  of  avionics  systems  digital  processors  used  to  perform 
the  calculations  of  an  n-state-vector  as  well  as  the  ability  to  precisely  model  the 
system. 

Other  limitations  are  in  the  inherent  characteristics  end  performance  accuracy  of  the 
reference  system,  operational  restrictions  on  tim.e  allowed  for  sensor  calibration,  and 
flexibility  of  the  input  acceleration  forcing  functions. 

3.2.3  Initialization 

Because  the  strapdown  inertial  system  is  a dead-reckoning  device,  it  must  know  the  origin 
of  the  position  vector  it  is  measuring,  the  intended  terminal  of  that  vector  for  the 
guidance  function,  and  the  initial  velocity  vector.  The  initial  conditions  of  system 
position  and  velocity,  and  target  coordinates  must  be  entered  into  the  strapdown  system 
by  communication  with  some  external  input  devices  a digital  keyset,  or  fire-control 
computer. 


3 . 3 Calculating  the  transformation  matrix 

The  distinguishing  algorithm  of  strapdown  inertial  systems,  as  opposed  to  gimballed  iner- 
tial systems,  is  the  calculation  of  the  direction-cosine  transformation  m.itrix.  The 
transformation  matrix  is  a 3 times  3 orthogonal  normal  matrix  that  relates  the  orienta- 
tion of  the  accelerometer  measurement  axes,  which  are  fixed  with  respect  to  the  vehicle 
frame,  to  the  selected  navigation  coordinate  system.  This  mathematical  relation&hip, 
as  previously  defined  in  Eq.  (2) , is 
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The  total  functional  flow  diagram  of  the  process  of  generating  the  transformation  matrix 
is  shown  in  Figure  5. 

Calculation  of  the  direction-cosino  matrix  begins  with  read-in,  scaling,  and  compensation 
of  the  rate-gyro  outputs. 


Figure  5.  Functional  flow  diagram 

matrix  updating  algorithm* 


The  outputs  of  the  rate  gyros  (p,  q,  r)  are 
continuously  quantized  in  time-integral 
increments  (pAt.  qAt,  rAt)  of  angle,  and 
stored  in  accumulator:. . The  contents  of  the 
accumulators  are  entered  into  the  computer  at 
the  start  of  each  computational  cycle.  The 
computer  must  convert  the  sum  of  the  angular 
increments  into  a binary  word  equivalent  for 
further  processing. 

Before  operating  on  the  inputs,  the  computer 
may  provide  compensations  for  sensor  errors. 

For  example,  these  compensations  might  include: 

(1)  Bias  drift,  particularly  as  a function 
of  sensor  temperature. 

(2)  Nonlinearity  of  the  gyro  as  a function 
of  applied  angular  rate  and  linear 
acceleration. 

(3)  Compensation  for  mechanical  skewness 
in  adjustment  of  the  gyro  sensitive- 
axis  orthogonality. 

(4)  Compensation  for  cross  coupling  errors 
such  as  angular  acceleration  sensi- 
tivity of  conventional  rate  gyroscopes. 
An  angular  acceleration  about  the  out- 
put axis  of  a gyroscope  causes  an 
error  rate  about  the  input  axis  which 
is  proportional  to  the  ratio  of  inertia 
to-angular  momentum  of  the  gyro  wheel. 
Because  the  gyroscopes  are  orthogonal, 
input  axes  along  i,3,k  are  parallel  to 
output  axes  along  i,k,i.  Therefore 


In  addition,  for  usable  system  navigation  outputs,  earth  rate  and  transport  rate  (the 
equivalent  angular  rate  which  results  from  motion  over  the  spherical  earth  surface)  are 
converted  to  body-axis  rates  and  added  to  the  gyro  outputs  so  that  the  final  transfor- 
mation matrix  converts  from  body  axis  to  a navigation  coordinate  system  referenced  to 
the  earth,  rather  than  an  inertial  coordinate  system  roferoncod  to  the  “fixed  start* 
(see  Sect. ton  3.4). 


3.3.1  Dovelopnient  of  analytical  equations 

A gimbal  set  that  isolates  an  inner  frame  stabilized  in  an  earth -referenced  navigation 
coordiuAtQ  system  against  the  case  motions  of  the  carrying  vehicle  is  a p)>yaicai  repre- 
sentation of  the  Ktiapdown-syston  transformation  matrix.  If  resolvers  are  mounted  on 
each  axis  of  a three-girabal  platform,  a vector  generated  electrically  by  the  outputs  of 
an  orthogonal  triad  of  accelerometers  an  tlie  inner  frame  can  be  converted  into  an 
equivalent  QccolQc'.^tion  in  body  coordinates  by  successive  'osolution  of  tlie  measured 
output  £ through  three  sequential  resolvers 


(>ijy  “ U)  (9j  Ui  (X|j^ 
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where  is  a rotation  about  the  vertical,  or  azimuth  axis,  of  the  Inner  franc 
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e Is  the  vehicle  pitch  attitude  or  elevation  angle  of  the  second  gimbai  with  respect  to 
t))o  local  level  of  the  inner  frame 
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and  4 it  the  vehicle  roll  attitude  as  measured  by  the  relative  displacement  of  the  outer 
gimbal  -tl)  respect  to  tlio  middle  gimbal 
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In  these  equations,  c represents  the  cosine  and  s the  sine  of  the  designated  angles. 
Then 


cecif 

cesiji 

-S6 

-sij,c^  + secijisij 

Ci^cij;  + S(fS6Sl(i 

Si(C8 

[X]^ 

(5) 

si^s^  4-  seci|ic4i 

-SiJiClii  + C(fS0S^ 

C(fC6 

tclj  IXI^ 


This  transformation  matrix  is  both  orthogonal  and  normal  since  it  is  the  product  of 
three  orthogonal  normal  matrices.  Then 

[ClJ  [Cl®^  = (Ci;  tc]®  ^ = [1]  (6) 

where  [1]  is  a 3 times  3 identity  matrix. 

The  inverse  or  transposed  matrix,  Icjg,  which  converts  vectors  in  body  axes  to  equiva- 
lent vectors  in  navigation  coordinates,  is  the  matrix  which  must  be  generated  in  the 
strapdown  system  as  a function  of  the  corrected  and  compensated  outputs  of  the  rate 
gyroscopes.  The  normality  characteristic  of  this  matrix  assures  that  the  absolute 
magnitude  of  any  vector  remains  unchanged  by  operation  of  the  transformation  matrix. 

Finally,  [Cl  is  unique.  For  any  given  spatial  relation  between  the  two  sets  of  coordi- 
nate axes,  there  is  only  one  transformation  matrix,  which  will  be  shown  to  have  many 
parametrical  representations. 

Several  techniques  have  been  investigated  and  implemented  for  updating  the  transforma- 
tion matrix.  Limitations  on  computational  speed  of  airborne  digital  computers  led  early 
investigators  (8,91  to  concentrate  on  direct  integration  of  the  direction-cosine-roatrix 
differential  equations. 

The  classical  Coriolis  equation  for  differentiation  of  a vector,  rotating  at  rate, 
w,  is 

where  the  last  term  is  a vector  cross  product.  But 

(Xl^  - tCjJ  (Sl^  <81 


By  substitutiot)  and  assuming  that  (Xlj^  is  constant  over  the  time  Interval,  then 
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where 
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" a skow-symmotrlo  matrix  for  the  rate  of  rotation  of  the 
vehicle  body  axes  witik  respect  to  navigation  coordinates 
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Expanded,  £q.  (9)  becomes  a series  of  nine  linear  differential  equations  of  the  fora 


where 


^33  ~ *^'^31  " ^'^^32 


P' 


q' 
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p + p the  .toll  angular  rate  of  the  vehicle  with  respect  to 

inertial  space  output  from  the  roll  body  axis  gyroscope 
plus  the  computed  correction  roll  rate  of  the  navi- 
gation local- level  coordinates  with  respect  to 
inertial  coordinates  (Section  3.4) 

q i q^  measured  plus  computed  pitch  angular  rates 

r t r^  measured  plus  computed  yaw  angular  rates 


These  equations  are  ideally  suited  for  solution  by  the  high-speed  Digital  Differential 
Analyzer  (DDA)  type  of  digital  computers,  and  therefore  could  be  solved  at  adequate 
updating  rates  by  the  existing  state-of-the-art  hardware.  However,  because  the  matrix 
was  generated  by  nine  independent  computations  of  matrix  elements  that  are  functions 
of  only  three  mathematically  independent  parameters,  the  total  matrix  solution  accumu- 
lates errors  that  made  it  drift  from  the  desired  characteristics  of  orthogonality  and 
normality. 


Sophisticated  algorithms  which  cyclically  changed  the  order  of  solution  of  these  equa- 
tions to  orthonorwalizG  the  matrix  are  of  limited  benefit.  The  degree  of  departure  of 
the  computed  matrix  from  the  ideal  orthonormality  is  straightforward  to  determine 
Bq.  (6) . The  principa.1  difficulty  in  applying  a correction  is  that  the  many  degrees  of 
freedom  do  not  allow  the  orthonormality  constraints  to  uniquely  define  a solution. 


An  updating  technique  that  circumvents  this  problem  solves  directly  for  8,  ♦ in  terms 
of  the  quantities  p',  q',  r',  and  uses  the  updated  angle  quantities  to  generate  the 
updated  transformation  matrix. 


Again,  a glmbal  set  provide^  a, physical  means  for  representing  the  relations.  Since 
4,  8,  are  gimbal  angles,  4,  o,  ^ (gimbal  rates)  can  be  related  to  p',  q',  r'  (equiva* 
lent  body  rates.  Then 
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Bor  convenience,  Bq.  (11)  can  be  written  in  matrix  notation  as 
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where  t represents  the  tangent  of  the  designated  angles. 
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Although  this  vpdating  technique  .ilways  generates  an  orthonormal  transformation  matrix, 
it  has  the  disadvantage  of  incorporating  a mathematical  singularity  that  is  identical  to 
the  problem  of  gimbal  lock  in  three  gimb.-tl  platforms.  Also,  the  solution  involves 
transcendental  functions,  which,  for  most  digital  computers,  require  polynomial  expansion 
approximations  with  attendant  complex  processing.  However,  in  the  early  19£0s,  when 
processing  speeds  of  airborne  digital  computers  wore  marginal  for  strapdown  systems, 
this  algorithm  was  studied  (9,10)  and  proposed  for  strapdown  missile  guidance  systems 
that  incorporated  either  UDA  mechanized  computers,  or  preferably,  whole-number  computers 
specifically  developad  for  solution  of  loran  and  omega  navigation  probl«its. 


Current  four-parameter  techniques  for  updating  the  transformation  matrix  combine  the  best 
features  of  both  the  three-  and  nine-parameter  methods.  These  techniques  are  computa- 
tional algorithms  that  are  not  attitude  limited,  and  always  provide  an  orthonormal  matrix. 


Consider  a vector  rotatioit  through  throe  Euler  angles  a,  e,  y 
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where 


Y =*  rotation  about  the  local  vertical,  or  Z axis 

6 = rotation  about  the  X axis 

a = rotation  about  the  Z eixis  displaced  through  p 


Since  a,  e,  Y are  single-axis  rotation  matrices,  the  expanded  transformation  matrix  is 
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Since  the  transformation  matrices  are  unique,  this  matrix  is  term-by-term  identical  to 
the  matrix  developed  using  glmbal  angle  parameters  [Eg.  (5)]. 

Define  four  Euler  parameters  in  terms  of  the  Euler  angles 


A = sin  b/2  sin 

B = sin  6/2  cos  (“-I 

^ ' (15) 

C = cos  6/2  sin 

D ■ cos  8/2  cos  ^ ) 

where 


A^  + B^  + + D^  ■ 1 


By  algebraic  manipulation,  the  transcendental  functions  of  a,  6,  and  y Und  hence  the 
transformation  matrix)  may  b*'  expressed  in  terms  of  Eq.  (15). 
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A quaternion  (Q)  is  defined  as  a ooobination  of  a scalar  (q^)  and  a vector  with  ortho- 
gonal components  of  q^  " 
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the  quaternion  conjugate 
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These  parameters  then  are  of  the  form 


where 


QQ*  = 

g^  3 direction  cosines  of  the  transformation  matrix 


(19) 


(20) 


The  Euler  parameter  or  quaternion  matrix  (Eq.  (16)1  is  updated  by  an  algorithm  that 
generates  the  new  parameters  in  terms  of  body-axis  rates  and  then  calculates  the  new 
transformation  matrix. 


In  terms  of  the  original  rotation  Euler  angles 
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The  solution*  using  identities  of  the  four-parameter  transformation  matrix*  is 
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(22) 


where 

B - ((A^  + B*)  (C*  + O^)]** 


The  angle  rates  (a*  a,  y)  are  expressed  in  terms  of  the  quaternion  by  differentiating 
the  arc  tangents  of  the  angles* as  developed  from  Bq.  (IS). 
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Substituting  these  angle  rates  into  Bq.  (22) * and  rearranging 
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These  equations  are  solved  for  updating  A,  B,  C,  D,  and  the  new  parameters  are  used  for 
updating  the  matrix  of  Eq.  (16) . This  matrix  is  always  orthogonal  and  maintained  normal 
by  the  factor 

Ck  = kj^(A^  + - 1) 


3.3.2  Problems  in  numerical  solution 

The  major  error  sources  that  are  inherent  in  the  digital  processing  for  numerical  solution 
of  the  algorithms  for  updating  the  transformation  matrix  are 

(1)  commutation 

(2)  integration 

(3)  round-off 

(4)  quantization 

Commutation  errors  result  primarily  from  fixed-sequence  numerical  processing  techniques 
incorporated  in  most  strapdown-system  mechanizations. 

Numerical  processing  commutation  errors  result  because,  for  each  solution  update  of  the 
transformation  matrix,  the  processor  operates  sequentially  on  the  input  increments  of 
the  rate  sensors  in  a fixed  order  that  may  not  correspond  to  the  actual  time-ordered 
sequence  in  which  the  angles  were  accumulated  by  the  vehicle.  Since  vehicle  attitude 
is  dependent  on  the  time  order  of  angular  changes  about  its  axes,  this  commutation 
error,  particularly  for  cyclical  or  repetitive  inputs,  can  cause  rectification  drift 
errors  of  the  transformation  matrix.  The  commutation  error  can  be  minimized  by 
decreasing  the  angle  increment  size  involved  in  each  computation  update.  However,  this 
requires  Increased  computer  speed. 

Consider  a rate  sensor  whose  sensitive  axis  is  mounted  along  the  major  body  axis  (roll 
axis)  of  a missile  (see  Figure  6) . Under  classical  coning  motion  of  the  vehicle  in 
flight,  the  sensor  input  axis  will  have  an  average  input  rate. 
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Pigure  6.  Classical  coning-motion  input  rotes. 

Assume  that  the  vehicle-body  coning-motion  rates,  measured  by  the  rate  sensors,  are 
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so  that  cyclical  input  motions  can  cause  rectification  drifts  through  commutation  errors. 
This  error  is  equivalent  to  gyro  drifts  in  its  effect  on  system  performance. 

Integration  errors  result  from  numerical  approximation  integration  of  differential  equa- 
tions that  have  no  true  analytical  solutions. 

The  general  forms  of  the  differential  equations  for  updating  the  direction  cosines  (refer 
to  Eq.  (9)1  or  the  quaternions  (refer  to  Eq.  (24)]  are 


(Cl« 

= 

tCl”  [<ol 

(26a) 

and 

P 

ss 

P u/2 

(2eb) 

These  equations 

are  of 

the 

form 

dx/x 

a 

a 
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Because  a Is  a measured  rate  vector,  the  analytic  integration  is  correct  only  for  those 
time  intervals,  ■»  t,  when  its  vector  direction  in  space  is  constant.  This  restric- 
tion is  so  sovere'^that  this  true  (or  analytic)  solution  is  very  seldom  correct  for  an 
operational  strapdown  oystote. 


Further,  in  an  operational  system,  the  solution  must  bo  evaluated  by  a truncated  series 
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By  substitution  in  Gq.  (28),  the  updating  integration  algorithM  through  the  first  three 
terms  becomes 
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The  facts  that  a truncated  series  must  be  evaluated  for  the  integration,  and  that  the 
conditions  of  constant  input  rate  necessary  for  the  analytic  solution  to  be  correct  are 
hardly  ever  valid  for  an  operational  system,  demonstrate  that  integration  algorithms  are 
always  approximations. 

The  performance  of  the  numerical  integration  algorithms  is  obviously  improved  by  either 
increasing  the  order  (i.e.,  increasing  the  number  of  terms  of  the  series  that  are  eval- 
uated) , or  decreasing  the  integration  time  increment.  These  solutions  require  increasing 
computer  wor)cloads,  but  decrease  errors  by  effectively  providing  improved  estimates  of 
the  true  input  rates  during  the  updating  cycle.  Increasing  the  sophistication  of  the 
integration  algorithm,  however,  quickly  reaches  a point  of  diminishing  returns.  The 
higher  order  terms  are  too  little  and  get  lost  in  the  computer  round-off  processes. 


For  many  applications,  a predictor-corrector  trapezoidal  integration  technique  is  an 
acceptekble  trade  between  processing  complexity  and  performance.  This  technique  is 
equivalent  to  the  analytic  solution  (Eq.  (29))  through  second-order  terms  of  the  series 
expansion.  For  example,  the  general  form  of  Eq.  (24)  can  be  written 
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where  X corresponds  to  the  quaternions  and  U to  the  incremental  angles  accumulated  over 
each  update  period  <■ 
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is  a simple  second-order  integration  technique  which  may  be  coaq^ted  to  the  second-order 
Runge-Xutta  rate  extraction  algorithm  (Section  3.S). 


Round-off  errors  result  because  the  finite  word  length  of  the  computer  limite  or  truncates 
the  resolution  of  all  internal  data.  The  process  of  rounding  off  all  internal  computa- 
tions to  the  value  of  the  leest-eignificent  bit  cauees  error  buildup  in  a ‘random  walk* 
precese.  Host  etate-of-the-art  airborne  processors  use  l6-blt  word  lengths.  Except  for 
epcclel  applications,  this  resolution  is  not  adequate  for  computation  of  the  matrix 
parameters,  so  that  ‘double-precision*  operations  are  required.  This  may  rsquire  either 
increased  computer  hardware  or  increased  computer  workload  if  the  double-preoiaion  oepa- 
bllity  is  software. 

Quantitation  comes  from  the  process  of  converting  the  analog  outputs  of  the  sensors  into 
discrete  increments  of  angle  and  velocity,  which  can  be  input  as  a serica  of  pulses  into 
the  digital  computer.  This  quentixation  process  causes  the  input  to  the  computer  to 
always  lag  the  outputs  of  the  sensors.  The  average  value  of  this  quantization  (or  sensor 
storage  error)  la  one-half  the  quantitation  angle  (as)  or  quantization  velocity  (av). 

Since  this  information  is  not  lost  but  retrieved  on  the  next  update  cycle,  quantization 
appears  as  a specific  typo  of  noise  on  the  data  that  must  bo  modeled  for  best  performance 
of  the  strepdown  system  when  applied  to  an  integrated  syatem  using  a digital-filter 
state-vector  estimator. (12)  Decreasing  the  quantization  lOvel  requires  inorcaeed  data- 
storage registcra  at  the  computer  input. 


In  summary,  major  strapdown-ayatem  errors  in  inq>lenenting  the  algorithms  occur  in  the 
critical  computation  proccas  of  updating  the  transformation  sutrix.  Theae  errors  are 
shown  in  Table  1. 


Table  1.  Strapdown-aystem  errors  in  implementation  of  algorithms. 


Error  Type 

Source  and  Effect 

System  Trades 

Commutation 

Possible  rectification  drift, 
under  cyclical  inputs,  due  to 
inaccurate  generation  of  the 
profile 

Increased  update  rates 

Integration 

Discrete  approximate  solution 
of  a continuous  process,  and 
equations  which  have  no  analy- 
tic solution 

Sophisticated  algorithm; 
increased  update  rato 

Round-off 

Finite  resolution  of  data 
causes  "random- walk”  error 
buildup  in  multiple  computa- 
tions 
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The  general  effect  of  the  solution  update  rate  of  the  transformation  matrix  on  errors 
from  the  various  sources  is  shown  in  Figure  7.  The  actual  amplitude  of  the  errors  is 
very  dependent  on  the  input  rates.  The  total  error  in  computation  is  some  combination 
of  the  individual  errors.  If  the  matrix  is  orthogonal  and  maintained  normal,  the 
errors  all  contribute  to  matrix  drift  rate  which  is  equivalent  to  gyro  drift  rate. 

Although  the  quantization  error  is  shown  Independent  of  update  rate,  an  increase  in 
update  rate  may  allow  decreasing  the  quantization  level  without  increasing  input 
storage  hardware. 


Figure  7.  Relative  error  effects. 

3.1.1  Simulation  techniques  for  ot>ti»izinq  the  solution 

Obviously  a cost-effective  system  is  tused  on  providing  only  the  performance  required 
for'  a particular  application.  This  system  oost/perfonaance  optittisation  is  most  readily 
daterminad  by  computer  simulation. 

Figure  8 shows  a general  block  diagram  for  simulation  of  a strapdown  system  for  cost- 
optimization  atudies.  A good  general-purpose  simulator  will  have  the  following  capa- 
bilities! 

(1)  Variable  inputs,  including  both  functions  for  which  there  is  an  analytic 
solution  for  determining  ultimate  performance  of  the  system  under  stress 
inputs  such  as  cooing  motion,  and  general  flight-profile  trajectories 
typical  of  the  mission. (1]| 

(2)  Analytic-  and  reference-solution  generator.  Since  the  simulation  does  not 
have  to  be  real-time  or  programmable  in  an  airborne  digital  computer,  the 
reference  solution  must  be  the  best  possible,  providing  matrix  update  in 
shortest  time  periods,  and  using  double-precision  arithsietic,  and  fourth- 
order  Rungc-Kutta  integration. 

(3)  Variable  mathematical  modala  systlaii.saitspga..  . ...  ^ ,,  ...  . 


(4) 


Variable  integration  techniques,  update  rates,  quantization  levels,  and  bit- 
by-bit  simulation  of  the  system  computer. 
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Figure  8.  Simulation  facility  functional  block  diagram. 


3.4  Navigation  algorithms 

Although  the  transformation-matrix  updating  algorithm  is  critical  for  any  strapdovm 
system,  the  final  purpose  of  any  system  is  for  guidance  and/or  control  of  the  carrying 
vehicle. 


The  general  navigation  equation,  as  derived  by  differentiation  of  its  position  vector, 
describes  the  motion  of  a point  mass  over  the  surface  of  the  earth. 
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acceleration  and  velocity  of  the  vehicle  relative  to  the 
earth  in  the  defined  navigation  coordinate  system 

earth  rotation  vector 

angular  rate  of  the  navigation  coordinate  relative  to  the 
earth  which  results  from  vehicle  motion 

the  position  vector  of  the  vehicle  with  respect  to  earth 
center 


the  Coriolis  correction  which  converts  from  inertial  to 
navigation  coordinates 

centrifugal-force  acceleration 


Because  the  accelerometers  cannot  distinguish  between  tltrusf.  acceleration  and  mass 
attraction  gravity,  the  accelerometer  outputs  are 


a^  - a - g(r) 

where 
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Then,  £q.  (30)  becomes 
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co«(bination  of  earth  gravity  and  centrifugal  force  at  the 
vehicle  location 
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Specific  details  of  this  navigation  algorithm  depend  on  the  specific  navigation  coordi- 
nate frame  of  the  vehicle.  In  general,  long-range  cruise  vehicles  (such  as  manned 
aircraft)  use  local-level  north-referenced  coordinates,  and  short-range  vehicles  (such 
as  tactical  missiles)  use  tangent-plane  north-referenced  navigation  coordinates. 

A tangent-plane  coordinate  system  is  level,  or  tangent  to  the  earth,  at  some  fixed  point, 
usually  the  vehicle  launch  point. 

In  either  coordinate  system,  as  shown  in  Figure  9,  the  navigation  algorithms  are  initi- 
ated by  read-in  and  proper  scaling  ccnverslon  of  the  accelerometer  outputs,  accumulated 
during-  the  past  cemputation  cycle,  into  suitable  digital  words  for  entry  into  the  computer. 

The  incremental  valooitieu  as  entered  are  transformed  by  the  transfonsation  matrix  from 
the  body-axis  (or  measurament!  coordinate  system  to  the  navigation  coordinate 
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the  transformation  matrix  from  body  axis  to  the  navigation 
coordinate  axes 


+ g(r)]  dt 
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accumulated  velocity-pulses  output  by  the  accelerometers 
over  the  previous  update  period 


The  current  position  and  velocity  vector  of  the  system  are  obtained  by  straightforward 
summation  of  the  transformed  velocity  increments  corrected  for  Coriolis  (Eq.  (31) J.  To 
compute  position  in  latitude  and  longitude  coordinates 
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initial  latitude  and  longitude  of  the  carrying 

vehicle 

Vgit  = 

North  and  East  accumulated  position  vector 

h a 

vehicle  altitude 

r ■ 

earth  radius  which  may  be  a fixed  value  or  the 
radius  of  the  theoretical  approximation  of  the 
ellipsoid  (World  Geodetic  System,  72) 

calculated 

earth 

For  a local-level  coordinate  system,  as  shown  in  Figure  10,  t)>o  vertical,  or  down  direc' 
tlon,  is  always  along  the  direction  of  local  gravity  so  that  the  gravity  correction  to 
the  acccleroneter  outputs  is  computed  as  a function  of  vehicle  altitude  (h)  only.  Then 
g(c)  of  Eq.  (33)  is 
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^0  (rnr)’ 

(44) 
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Figure  9.  Functional  flow  diagrani* 
navigation  algorithm 
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Figure  10.  Local- level  coordinate 
aysten  geoaotry 


The  navigation  coordinate  system  rotates,  as  a function  of  earth  rate,  in  inertial 
space.  The  components  of  earth  rate  along  the  North,  East,  down  directions  of  the 
navigation  coordinate  system  are 
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X = latitude  of  the  vehicle  position 
fl  = earth's  sidereal  rate 

The  motion,  or  change  of  position  of  the  navigation  coordinate  system,  also  involves  an 
equivalent  rotation  rate  of  the  coordinate  system  with  respect  to  inertial  space 
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Since  these  coordinate-system  rates  are  in  navigation  coordinates,  they  must  be  converted 
through  the  inverse  transformation  matrix  and  applied  as  corrections  to  the  rate-gyro 
outputs.  This  will  force  the  updating  of  the  transformation  matrix  to  convert  from 
body-axis  to  navigation  coordinate  system  rather  than  body-axis  to  inertial  coordinate 
system.  Then 
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These  correction  rates  of  navigation  courdinates  with  respect  to  inertUl  npaes*  (10)} 

may  be  implomented  using  the  parameters  directly,  rather  than  the  invars®  of  the  trans- 
formation matrix. 
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The  total  body-axxs  to  navigation  cooi'dinate  ttdnaformaticm  matrix,  tClg,  is  than 
computed  from  tiiese  updated  parameters,  the  forrt  is  identical  to  &q.  (IS). 

A tangent-plane  navigation  coordinate  system  is  commonly  used  for  navigation  of  short- 
range  vehicles  such  as  tactical  missDea.  The  tangent-plane  navigation  system  is 
initially  aligneii  tc  North  ar.d  local-vertical,  and  maintained  in  that  initial  attitude 
during  flight.  The  velocity  equation  for  navigation  is,  then 
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where  g^(r)  suet  be  computed  in  body  coordinates  by  transformation  through  the  tangent 
plane  to  body-axis  matrix  to  correct  the  gravity  reading  of  cacit  accelerometer.  In 
flight,  the  direction  of  gravity  change*  in  t coordinates.  Then 
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and  Qq  is  the  earth  rate  at  launch  point.  Than,  as  before 
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since  earth  rate  and  initial  latitude  are  constants. 

Then  the  pareuneters  to  update  the  body-axis  to  tangent-plane  transformation  matrix  are 
computed  by 


(42) 
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transformed  as  in  Eq. 


(16) , and  velocities 


(32)  . 


The  preceding  discussions  have  assumed  that  the  navigation  coordinate  systems » either 
local-level  or  tangent-plane,  are  North  oriented.  In  most  operating  systems,  however, 
the  actual  navigation  may  be  oriented  with  respect  to  coordinates  other  than  North-East. 
For  example,  tangent-plane  navigation  is  most  often  oriented  with  respect  to  track  and 
cross  track,  where  the  track  direction  is  the  direction,  with  respect  to  North,  of  the 
vehicle-velocity  vector  at  launch.  In  local-level  navigation,  the  coordinate  system 
may  not  be  "torqued"  to  North,  but  held  in  inertial  space  at  its  initial  attitude,  which 
may  be  North-pointing  at  the  launch  location.  This  is  a "wander-azimuth  system, 
initially  required  by  gimballed  systems  when  the  gyro/gimbal  combination  could  not  be 
torqued  at  rates  necessary  for  adequate  navigation  accuracy  in  the  polar  regions. 

Although  strapdown  systems  mitigate  this  problem,  since  they  are  capable  of  ^hch  higher 
"torquing"  rates  than  gimbal  systems,  the  azimuth-wander  mechanization  may  still  be 
required  for  some  applications. 

In  any  case,  the  algorithm  modifications  are  straightforward.  The  local-level  coordinate 
rotation  rate  is  modified  by  the  wander-azimuth  angle 
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where 


. = 


= a function  of  pi<:qcnt  position  of  the  vehicle 

The  conversion  for  tangent-plane  navigation  is  also  similar.  Equation  (40)  is  modified 
hv  (41  1 where  is  the  fixed  heading  at  launch  between  track  direction  and  North. 

■*  ‘ 0 T /CT  0 

Although  the  algorithms  presented  are  for  autonomous  navigation,  the  current  trend  in 
operating  systems  is  the  application  of  strapdown  systems  integrated  with  other  naviga- 
tion systems.  These  systems  combine  the  good  high-frequency  short-term  characteristics 
of  inertial  systems  with  the  good  long-term  characteristics  of  radio  navigation  systems 
such  as  Omega,  loran,  GPS,  and  DME 

No>-mally,  the  integration  is  accomplished  by  a digital  filter,  which  generates  a best 
estimate  of  the  vehicle  position,  velocity,  and  attitude,  and  quite  often  estimates 
corrections  to  the  sensor  outputs  in  body— axis  coordinates.(13] 
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Guidance  and  control 


The  ultimate  purpose  of  navigation  is  for  guidance  of  a controlled  vehicle.  Navigation 
determines  the  present  position  and  velocity  vector  of  the  vehicle.  Guidance  generates 
commands  to  the  vehicle  to  modify  the  velocity  and  position  vectors  to  confom  to 
desired  trajectory.  The  vehicle,  as  a plant,  is  stabilized  by  the  control  functions 
(see  Figure  11) . 


The  strapdown  system,  then,  closes  the  stabilization  command  inner  loop  or  the  flight 
control  system  of  the  vehicle  (Figure  12)  and  may,  either  automatically  or  through 
driving  displays  for  pilot  follow-up,  close  the  guidance  command  outer  loop. 


Figure  12.  Systems  operations  block  diagram 

Figure  11.  Functional  flo’/?  diagram, 
guidance  and  control  algorithms 

Most  strapdown  inertial  systems  will  supply  outputs  of  vehicle  attitude  to  the  control 
system.  They  also  are  inherently  capable  of  supplying  body-axis  rates  necessary  for 
vehicle  stabilization.  This  capability  makes  strapdown  systems  extremely  attractive 
for  application  to  Icw-cost  vehicles,  such  as  missiles,  where  size  and  weight  are 
especially  critical.  New  manned  vehicles,  however,  are  also  good  candidates  for 
central  inertial  systems  that  provide  both  navigation  and  control  functions. 


Because  the  transformation  matrices  that  relate  body  coordinates  to  a given  navigation 
coordinate  system  are  unique,  the  tC]^  of  Eq.  (5)  and  (16)  are  ter.n-f or-terra  Identical. 
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In  some  strapdown  inertial  systems  using  conventional  spinning-w)ieel  angular  rate  sen- 
sors, the  sensor  closure- loop  electronics  may  be  analog  so  that  body-axis  rates  may  be 
obtained  directly  by  analog-to-digital  conversion,  using  conventional  successive 
approximation  converters. 


For  most  new  strapdown  systems,  however,  the  output  of  the  rate  sensors  is  a series  of 
pulses.  Each  pulse  represents  a fixed  angular  increment  of  at*-itude  change  of  the 
vehicle  about  its  body  axis.  For  some  of  these  systems  special  algorithms  are  required 
to  extract  body-axis  rates  from  the  pulse  series  output.  As  has  been  previously  dis- 
cussed, these  algoritlims  may  be  incorporated  as  part  of  the  higher  order  integration 
algoritlims  for  generating  the  transformation  matrix. 


The  gyro 
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samples  into  the  computer  at  each  update  interval  are 
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actual  angular  rates  of  the  vehicle 
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AP,  &Q,  AR 
^k 


= the  angular  increment  pulses  stored  in  the  input  registers 
over  the  computer  cycle' tire.  At 

= a variable  time  increment  in  which  each  pulse  is  generated  by 
the  analog-to-frequency  converter  or  pulse  torguer 


For  some  applications,  control  rates  may  be  obtained  by  simply  computing 
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This  simple  solution,  however,  generally  provides  poor  resolution. 

The  general  technique  for  rate  extraction  is  to  curve-fit  a second  or  higher  order  func- 
tion to  successive  values  of  the  gyro  samples,  and  then  take  the  derivative  of  the  func- 
tion at  the  required  times.  This  technique,  illustrated  in  Figure  13,  for  a second- 
order  curve  fit,  is  implemented  for  Runge-Kutta  integration.  However,  the  bandwidth, 
resolution,  and  accuracy  requirements  for  control  system  rates  are  normally  much  less 
than  for  the  transformation  matrix  updating  process. 


The  curve  is  fit  at  each  sampling  point  where 
the  processor  inputs  the  data  accumulated 
from  the  gyros  during  the  previous  update 
cycle  time.  The  time  at  which  the  curve  is 
differentiated,  however,  depends  for  best 
results  on  particular  application  of  the 
signal.  Differentiating  at  the  sampling 
point  (a  forced-fit  point  of  the  curve)  is 
most  noisy  (will  have  most  errors) , but  will 
also  have  least  time  lag,  and  hence  will 
allow  maximum  control-loop  gains. 

If  quantization  angles  are  small,  the  gen- 
erated second-order  curve  will  have  fine 
resolution,  but  will  also  allow  more  noise 
into  the  rate  signal.  Decreasing  the  up- 
date time  decreases  the  time-lag  problem 
and  Improves  stability,  but  Increases  the 
differentiation  noise  in  the  rate  signal. 
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Figure  13.  Second-order  fit  rate 
extraction. 


The  equations  for  extracting  rate  with 

minimum  time  lag  at  the  sample  point,  c. where  )c  is  the  update  time  increment,  are 
developed  below.  ^ 
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Guidance  algorithms  generate  destination  steering  commands  to  the  stabilized  vehicle. 

The  inputs  to  those  algorithms,  in  addition  to  the  destination,  are  navigation-system 
outputs  of  present  position  and  velocity.  The  desired  destination  may  be  a simple  final 
point  or  a sequential  series  of  points  that  define  a space-time  trajectory. 
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The  commands  for  a manned  vehicle  are  normally  attitude  changes  displayed  on  cross 
pointers  of  an  Attitude  Director  Indicator,  or  acceleration  commands  to  the  autopilot 
generated  as  simple  functions  of  the 


track  and  cross- track  position  errors. 

The  commands  for  a missile  are  generally  acceleration  commands  to  implement  a specific 
form  of  proportional  navigation 

“c  = 

where 

0 = rate  of  angular  change  in  inertial  space  of  the  line-of-sight 

vector  from  missile  to  destination 

i. 

A specific  form  of  this  general  algorithm,  which  is  easier  to  implement  with  the  form 
of  strapdewn  inertial  systems  outputs,  is  the  cross-product  guidance  law 


where 
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range- to-go  to  the  target 

missile  velocity  vector 

When  operating  in  the  tangent-plane  coordinate  system,  the  range  may  be  a single  target 
location  or  a sequence  of  precomputed  spatial  coordinates  designed  to  shape  the 
trajectory.  Since  a target  fixed  on  earth  coordinates  is  rotating  with  respect  to  the 
missile  tangent-plane  navigation  coordinates,  the  final  target  location  is  offset  as 
a function  of  time  in  such  a way  as  to  minimize  error  sensitivity  to  time-of-flight 
variations  of  the  vehicle.  The  target  coordinates  are  corrected  at  a fixed  rate, 
which  in  the  fire-control  solution,  will  be  correct  at  the  end  of  nominal  time  of 
flight  of  the  missile.  The  target-coordinate  initial  offset,  then,  is  the  difference 
between  the  target  offset  resulting  from  the  fixed  rate  over  the  total  time  of  flight, 
and  the  precomputed  target  offset  at  nominal  time  of  flight  from  the  fire-control 
solution.  At  the  end  of  nominal  time  of  flight,  then,  the  target  offset  is  correct, 
and  target  offset  rate  is  correct,  which  results  in  minimum  errors 

4.  CONCLUSION 

The  critical  algorithm  for  any  strapdown  system  is  the  transformation-matrix-updating 
technique.  The  options  available  to  the  software  designer  are  not  only  the  basic 
algorithms  of  this  paper,  but  also  variations  or  each  technique.  For  example,  a 
Cayley-Klein  four-parameter  representation  of  the  transformation  algorithm  may  be 
implemented. (14]  In  addition,  the  critical  process  of  every  matrix-updating  algorithm 
is  the  Integration  technique.  Again,  the  designer  has  realistic  options  that  range 
from  simple  rectangular,  a second-order  predictor-corrector,  first-  or  second-order 
Taylor  series,  to  second-  or  even  fourth-order  Runge-Kutta  algorithms.  The  software 
designer  also  has  limited  options ‘in  selection  of  update  rate  and  quantization  levels 
of  the  measurement  inputs. 

To  achieve  required  performance  with  modest  processing  requirements,  Lear  Siegler  is 
currently  investigating  a small  angle  approximation,  three-axis  transformation  using 
DDA  equivalent  processing  methods  as  a vernier  update  technique.  This  vernier  solves 
the  matrix  update  problem  with  high-speed  recta.igular  Integration.  This  high-speed 
tracking  provides  excellent  integration  of  the  variable  rates.  The  resulting  angular 
increments  are  then  used  to  update  the  normal  four-parameter  mechanization  of  the 
transformation  matrix  on  the  standard  computer  update  times. 

Since  the  user  will  almost  certainly  require  some  degree  of  cost  optimization  of  a 
system  for  his  application,  the  dnsigner  needs  a flexible  computer  simulator  as  a 
design  tool  for  system-algorithm  definition. 

The  total  algorithm  definition  for  any  strapdown  system,  however,  may  be  constrained 
by  hardware  limitations  (computer  speed,  memory,  input/output,  power),  and  functional 
and  operational  requirements  of  the  total  system  in  its  application. 
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SUMMARY 

Strapdown  system  synthesis  is  the  process  of  developing  a cost/performance  optimized 
assembly  for  application  in  a particular  weapon  system.  The  procedure  is  a two-way 
process  of  definition  and  demonstration. 

Definition  begins  with  the  weapon  system  requirements  and  generates  the  specifications, 
in  a top-down  process,  of  the  system,  subassemblies,  and  elements.  Demonstration  begins 
with  the  physical  elements  and  their  defined  specifications  and,  in  a step-by-step 
bottom-up  integration  process,  completes  the  synthesis  of  the  system. 

Effective  strapdown  system  synthesis  for  a particular  application  requires  an  extensive 
engineering  data  base  on  state-of-the-art  components  such  as  gyroscopes,  accelerometers, 
and  microprocessors,  and  facilities  and  capabilities  for  computer  simulation  of  sophis- 
ticated digital  and  electromechanical  equipment. 

The  exact  procedure  for  strapdown  system  synthesis  is  arbitrary,  governed  both  by  the 
critical  requirements  of  each  application  and  skill  and  experience  of  the  development 
engineer.  This  paper,  then,  is  only  a litany  of  the  major  factors  and  tasks  which 
characterize  the  process  of  strapdown  system  synthesis. 

1.  INTRODUCTION 

Strapdown  system  synthesis  is  the  application  of  engineering  tools  and  techniques  to 
integrate  a combination  of  elements  that,  in  the  intended  application,  will  operate 
together  to  provide  the  required  system  functions.  The  most  likely  criteria  for  excel- 
lence in  system  synthesis  is  to  achieve  the  requisite  functions  at  minimum  costs.  The 
costs  that  must  be  considered  are  not  only  the  primary  life-cycle  costs  associated  with 
the  total  system  logistics,  but  may  include,  as  well,  secondary  cost  factors  that  affect 
the  application  of  the  strapdown  system  in  the  vehicle.  For  example,  these  secondary 
costs  may  include  weight,  packaging  flexibility,  energy,  and  interface  to  auxiliary 
equipment . 

The  major  tasks  of  strapdown  system  synthesis  and  their  discussion  sequence  in  this 
document  are  shown  in  Figure  1. 

Although  this  paper  is  written  primarily  as  a 
"how-to"  document,  there  are  as  many  useful 
ways  of  synthesizing  a strapdown  system  as 
there  are  strapdown  system  designers.  This 
is  because  the  total  process  of  system  syn- 
thesis is  iterative  in  nature  and  because 
experienced  designers,  from  hard-earned 
knowledge  of  significant  parameters,  can 
cut  corners  with  respect  to  cookbook  proce- 
dures. Also,  many  designers  operate  under 
real-world  constraints  of  demonstrating  that 
one  particular  mechanization  (for  example,  a 
straightforward  modification  or  adaptation 
of  a component  or  system  produced  by  their 
company)  is  optimum  for  the  applicution. 

In  these  cases,  synthesis  procedures  are  not 
all  that  important. 


The  parameters  that  affect  the  cost  and  per- 
formance of  a system,  and  which  are  discussed 
in  this  paper,  are  independent  of  the  precise 
procedures  by  which  the  compromises  are 
obtained  for  a cost-effective  system. 


Synthesis  of  a cost/performance  optimized  strapdown  system  muse  begin  with  defining  the 
detailed  specification  of  the  system  to  achieve  the  total  requirements  of  the  integrated 
avionics  suite  of  the  vehicle.  These  specific  strapdown  system  requirements  are  gener- 
ated by  synthesis  of  a total  vehicle  specified  as  a major  element  of  a weapon  system. 
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Figure  1.  System  Synthesis  tasks. 
2.  SYSTEM  REQUIREMENTS  DEFINITION 


Weapon  system  synthesis  begins  with  missions  and  operations  requirements  analysis,  which 
ultimately  defines  the  functions  and  operations  of  the  vehicle  and  its  total  avionics 
complement.  These  avionics  functions  are  then  partitioned  to  various  discrete  subsystems 
for  mechanization.  System  synthesis,  then,  results  in  top-down  generation  of  a specifi- 
cation tree  (Figure  2) . The  guidance/control  system  specification  that  ultimately  result! 
is  the  input  to  the  task  of  strapdown  system  synthesis. 
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Figure  2.  Illustrative  specification  tree. 


This  specification  will  define  both  function  and  operations,  performance,  operating 
environment,  physical  characteristics,  reliability  and  maintainability,  and  interfaces 
to  the  vehicle  and  avionics  suite. 

Tsdile  1 is  a summary  chart  of  the  requirements  for  typical  strapdown  inertial  systems 
for  aircraft  and  missile  applications. 


Table  1.  Summary  of  requirements  for  typical  strapdown  inertial  systems. 


Cruise  Vehicle 

Short-Range  Missile 

INPUTS 

. Angular  Rates,  p,  q,  t 

. *5,  *2,  +2  rad/s 
. +10  g all  axes 

e +6,  +3»  +3  rad/e 
. ^10  g all  axes 

. Linear  Acceleratlona. 

Ay,  Aj 

. Prime  Power 

. 115  Vrms,  400  Hr,  200  W 

. +28  Vdo,  150  W 

. Teak  Dlscretei 

. System  Go,  LRU  Fault  Isolate 
. Position,  Velocity,  Destina- 
tion, Magnetic  Variation  Cor- 
rections, Sensor  Compensations 

. System  Go 

. Initialization  Constanta 

. Position,  Velocity,  Target  Coordlnatat 
Sensor  Csmpensatlons 

(Digital  Data  Words) 

. Flight  Data 

. Bare  Altitude,  Flux-valve 
Position,  Velocity,  Position 
Corrections 

. Position,  Veloolty,  Attitude  correo- 

(Digital  Data  Words) 

tions 

. Tomparaturo  Control 

. Extornal  and  Internal 

. Internal  only 

OUTPUTS 

. Attitude,  t,  9,  a 

, 118  Vrms,  400  Hz,  Synchro 
. Position,  Velocity 
. (Not  required) 

. Digital  Data 

. inertial  Vuotors 

. Position  Velocity 

. Guidance  Conatandi 

. Pitch,  Yaw  Axis 

, Body  Rates,  p,  q,  r . 

. Body  Accelerations,  a,  y,  s 

. (Not  required) 

. Digital  or  Analog 

. (Not  required 

. Digital  or  Analog 

. Dlsoretas 

. System  Go,  LRU  No-Go 

. System  Co 

PERFORHANCK 

. Position 

. 1 to  5 nml/h  (CEP) 

. 1 to  10  mils  CEP 

. veloolty 

. 3 to  10  ft/s  (la) 

. (Not  required) 

. Attitude 

. VO.!* 

, (Not  required) 

. coordinate  System 

* Local  Level 

. Tangent  Plane 

. Reaction  Tlmo 

. 10  nln 

. 10  a 

PHYSICAL  PARAMETERS 

. size  and  Weight 

. 3/4  ATR,  30  lb 

. 500  ln.%  15  lb 

. RoliabiUtv 
. Maintainability 

. 2000  h MTBF 

. 0.999  Hiselon  Suooete  Probability 

. 0.5  h HTTB 

4 

. Environmental  Capability 

. Standard  Military  Speoifioa- 

. 10  yr 

tiona 

The  functions  specified  for  the  strapdown  system  may  include  flight  reference  (attitude) 
and  control  (body-axis  angular  rates  and  linear  accelerations),  vehicle  navigation  and 
guidance,  and  synergistic  integration  with  other  avionics  subsystems. 

The  strapdown  system  generates  most  of  these  specified  functions  by  digital  processing 
of  the  basic  measurement  output  of  body-fixed  sensors.  This  processing  may  be  mecha- 
nized in  a central  avionics  system  computer,  or  in  a computer  that  is  specific  for  the 
strapdown  system,  or  partially  in  both  computers. 

The  critical  strapdown  system  computational  process  is  updating  of  the  transformation 
matrix.  This  process  requires  a fixed-program  moderate-computational-speed  computer 
with  a small  memory.  Some  of  the  functions,  however,  such  as  navigation  and  guidance, 
which  require  small  amounts  of  processing  time  and  read/write  memories,  might  be  loca- 
ted in  the  central  computer  to  take  advantage  of  available  spare  locations  in  its  pro- 
grammable memory  (Figure  3). 


STRAPDOWH  SYSTEM  | ASSOCIATED  AVIONICS 


Figure  3.  Typical  strapdown  system  software  partitioning. 


This  trade  is  real  and  quantifiable  in  terms  of  both  primary  and  secondary  costs  because 
nonvolatile  programmable  memory  is  expensive,  and  is  available  only  in  large  increments 
relative  to  the  strapdown  system  requirements.  The  disadvantage  of  this  software  par- 
titioning scheme  is  that  the  reliability  of  the  navigation  function  of  the  strapdown 
system  is  reduced  since  it  now  requires  two  processors  operating  in  series.  In  the  event 
the  central  computer  fails,  however,  the  attitude  output  of  the  strapdown  system  can  be 
preserved  for  vehicle  flight  reference  by  reverting  to  a first-order  erected  Attitude 
Heading  Reference  System  operational  mode. 

The  processing  capability  of  the  system,  independently  of  the  software  partitioning 
mechanization,  must  be  adequate  in  speed  and  memory  size  to  provide  integration  capa- 
bility with  other  avionics  equipment.  For  example,  a digital  communications  link  or 
a targeting  subsystem  might  be  used  for  aiding  initialization  or  updating  the  system. 
Outputs  of  a body-fixed  homing  or  targeting  system  might  be  converted  to  navigation 
coordinates  as  part  of  the  total  avionics  function. 

3.  SYSTEM  CONFIGURATION 


The  initial  system  configuration  is  obtained  by  selection  of  alternate  operations  and 
hardware/software  mechanizations  that,  by  preliminary  analysis,  will  achieve  the 
specification. 

3.1  System  Operations 

Operational  variations  include  initialization  techniques  and  coordinate  systems. 

Coordinate  systems  are  moat  often  explicitly  defined  in  the  specification.  However, 
some  cost/performanoe  trades  may  be  available  with  respect  to  the  sophistication  of  the 
navigation  processing  in  the  specified  coordinates.  For  example,  the  system  may  oper- 
ate in  North/East  or  Track/Cross-Track  coordinates,  wander  or  true  azimuth  angle,  fixed 
or  variable  earth  radius. 

Strapdown  system  initialization  consists  of  alignment,  calibration  of  sensors,  and 
definition  of  the  system-position  and  velocity-vector  starting  conditions. 

Two  general  methods  are  available  for  establishing  the  alignment  or  orientation  of  the 
sensitive  axes  of  the  accelerometer  with  the  desired  navigation  coordinate  system. (1] 
These  methods  are 

(1)  Autonomous  direct  alignment  using  self -leveling  and  gyrocompassing. 

(2)  Transfer  alignment,  which  determines  the  system  orientation  relative  to 
some  intermediate  system  whose  orientation  with  respect  to  the  navigation 
coordinates  is  independently  established. 

These  methods  are  often  combined  using  transfer  alignment  in  heading  and  self-leveling 
to  the  vertical. 


Although  transfer  alignment  has  an  intermediate  system  interposed  between  the  strapdown 
measurement  axes  and  the  navigation  coordinates,  this  technique  is  usually  more  opera- 
tionally attractive  than  gyrocompassing.  This  results  because  the  alignment  is  achieved 
using  acceleration  magnitude  measurements  and  therefore  is  faster,  more  reliable  over 
all  operating  conditions,  and  may  provide  sensor  calibration  as  well  as  alignment. 

The  choice  of  alignment  technique,  then,  is  most  often  dictated  by  the  availability  of 
suitable  transfer-alignment  systems.  These  systems  may  be  either  another  inertial  navi- 
gation system  or  a radio  navigation  system  (o  ..ega,  loran,  distance  measuring  equipment 
(DME) ) onboard  the  vehicle. 


are  sensitivity  and  frequency  response.  The  operational  liniits  to  the  driving-function 
input  may  result  from  reaction-time  requirements  or  actual  dynamic  limits  of  the  vehicle 
or  transfer  system. 

The  final  process  of  initialization  is  to  define  the  starting  point  of  the  position  and 
velocity  vectors  vhat  the  system  will  measure.  For  vehicles  that  are  stationary  with 
respect  to  the  earth  during  the  initialization  process,  the  system  designer  must  specify 
only  the  accuracy  of  measuring  the  initial  position  of  the  vehicle.  For  moving  vehicles, 
the  transfer-alignment  process  that  is  normally  implemented-  measures  the  best  possible 
estimate  of  vehicle  position  and  velocity  for  initializing  the  strapdown  system. 


3.2  System  Mechanization 


Candidate  systems  are  mechanized  by  suitable  combination  of  stata-of-the-art  sensors 
(gyroscopes  and  accelerometers)  and  digital  computers.  The  input  to  this  task  is  a 
detailed  catalog  of  available  units  listing  their  relevant  parameters.  In  addition, 
the  system  designer  should  have  a knowledge  of  the  developmental  state-of-the-art  of 
the  relevant  parameters  of  units  that  could  be  available  within  the  reasonable  develop- 
ment schedule  and  cost. 
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Figure  4.  Task  flow  chart  configuration 
mechanization. 


The  principal  tasks  in  establishing  a prelim- 
inary or  initial  system  mechanization  are 
shown  in  Figure  4. 

Navigation  system  errors  accumulate  in  both 
absolute  taagnitude  and  direction  of  the 
vehicle  position  vector.  The  principal 
contributors  to  direction  errors  are  initial 
alignment,  gyroscope  measuring  errors,  and 
computer  processing  of  the  gyroscope  outputs. 
The  error  in  the  initial  velocity-vector 
magnitude  and  accelerometer^ measurement 
errors  account  for  vector  isagnitude  errors. 

In  general,  system  errors  should  be  budgeted 
such  that  vector  directional  errors  dominate. 
This  is  bec^ause  gyroscope  performance  is  more 
expensive  than  accelerometer  performance. 


A block  diagrem  of  a typical  strapdown 
system  (Figure  5)  defines  the  elements  that 
must  be  mechanized.  These  elements  consist  of  angular-rate  and  linear-acceleration 
sensors  along  orthogonal  axes?  a moans  of  converting  the  continuous  dynamic  measuromonts 
into  discrete  quantities  for  subsequent  processing  in  the  digital  computer}  and  a power 
conditioner. 
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Figure  S.  strapdown  system  block  diagram 


Possible  mechanization  variations  are  shown  in  Table  2. 

Sensor  types  and  performance  ranges  have  been  previously  discussed.  Selection  of  sensors 
in  a preliminary  mechanization  to  achieve  cost  and  performance  goals  of  the  system 
requires  both  cost  and  error  sensitivity  analyses. 


Table  2.  Mechanization  elements. 


Gyroscopes 

drift  uncertainty 

Ring- laser 

1.0  to  0.01  Vh 

Flexure,  two-axis 

1.0  to  0.01  '/h 

Floated,  single  degree 
of  freedom 

10  to  0.  01  "/h 

Accelerometers 

bias  uncertainty 

Pendulous,  single-axis 

lO"^  to  10~^  g 

Converters 

Computers 

Power  Conditioner 

Preliminary  approximate  performance  estimates  can  be  obtained  by  simple  paper  and  pencil 
analysis.  Tables  3 and  4 show  typical  error  equations  and  sensitivities  for  cruise 
vehicles  and  rocket-powered  missiles.  The  inputs  to  the  tables  are  piecewise  linearised 
trajectories  of  the  vehicle. 


Analysis  of  quoted  manufacturer's  cost  data  for  strapdown  sensors,  [2,3,4]  in  the  recent 
U.S.  Air  Force-sponsored  Low  Cost  Inertial  Guidance  System  Study,  indicates  that  the 
coat/performance  ratio  of  these  units  will  plot  within  a rather  narrow  band  defined  by 
parallel  lines  on  a log-log  coordinate  graph  (Figure  6).  Also,  this  study  established 
1.8  as  an  approximate  multiplying  factor  to  apply  to  total  sensor  costs  to  obtain  system 
costs. 

Obviously,  in  establishing  a preliminary  mechanization,  the  choice  of  elements  may  be 
restricted  by  other  factors  of  the  specification  such  as  operating  environment,  size 
and  weight  restrictions,  reaction  time,  and  input  power  limitations. 

Many  of  the  sensors  of  Table  2 are  directly  mechanized  with  digital  phased-lock  loops 
or  delta  modulation  capture-loop  electronics  so  that  the  output  is  directly  quantized 
in  form  suitable  for  accumulation  in  storage  registers  at  the  computer  input. 

Some  sensors,  however,  arc  operated  in  an  analog  mode  with  followup  quantizers.  Two 
basic  typos  of  quantizer  are  availabloi  an  analog-voltago-to-pulse-froquoncy  convertor, 
and  conventional  ana log-voltago-to-digita 1-word  convertor. 

The  voltage-to-frequoncy  convertor  operates  as  a reset  or  rebalance  analog  integrator 
principle.  When  the  integrator  output  achieves  a reference  voltage  level,  it  is  reset, 
and  a pulse  or  quanta  of  sensor  output  moasuromont 


Table  3.  cruise  vehicle,  local-level  coordinates. 
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is  applied  as  a bit  of  input  into  accumulators  at  the  computer.  The  pulse-rate  output, 
or  pulse-repetition  frequency,  is  proportional  to  the  voltage- amplitude  output  of  the 
sensor . 


Table  4.  Short-range  vehicle,  tangent-plane  coordinates. 
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Figure  6.  Plot  of  cost/pcrformancc  ratio  for  ttrapdown  sensors. 
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rf  computer  hardware  (Figure  7)  the  system  designer  has  greater  freedom 

than  in  any  other  element.  The  problem  for  the  designer  is  that  the  develop- 
ment of  new  integrated  circuits  and  associated  microprocessors  is  so  fast  that  anv 
design  is  literally  obsolete  between  system  concept  and  first  production. 


SENSOR 

DIGITAL  OlfTPUTS 


TO  CENTRAL  PROCESSOR 


Figure  7.  Strapdown  processor  block  diagram. 

Figure  8 illustrates  the  recent  changes  in  computer  logic  circuitry  size  with  advancing 
technology. (5)  In  general,  the  decreasing  size  of  the  newer  technology  is  accompanied 
by  decreasing  cost  and  complexity  of  the  manufacturing  process. 


Also,  as  circuit  density  increases,  the  associated  single-chip  functional  capability  and 
operational  speed  increases. [6,7]  Complete  16-bit  single-chip  microprocessors  are 
already  availcible,  and  by  the  early  1980s  single-chip  16-bit  microcomputers,  including 
both  computational  unit  and  memory  adequate  for  strapdown  systems,  should  be  available. 
The  anticipated  progress  of  integrated  circuit  technology  is  illustrated  in  Figure  9. 
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Figure  9.  Projected  advances  in  processor  technology. 


Other  advances  projected  for  avionics  computers  through  Large  Scale  Integration  are 
increased  functional  modularity  and  increased  reliability  by  fault-tolerant  architec- 
ture. (8) 

In  addition  to  determining  the  typo  of  sensors  and  computer  to  be  used,  the  system  design 
must  also  determine  the  degree  of  redundancy  in  these  units  in  order  to  achieve  the 
required  level  of  system  reliability  for  certain  applications.  This  degree  of  redundancy 
may  vary  from  a minimum  ‘fnil-safo*  configuration,  which  incorporates  only  a single  redun- 
dant-sensor channel  in  a four-channel  skewed  orientation,  to  a full  *fail-<^rational, 
fall-operational,  fail-safe*  quadruply  redundant  system  often  specified  for  flight  safety 
equipment.  Redundant  mechanisations  are  .also  applicable  to  space  vehicles  which  require 
long  operating  life.  An  advantage  often  cited  for  8trat>down  systems  with  respect  to 
gimbal  systems  is  that  the  full  fail-op/fail-op/fail-safe  system  co;<f iguration  requires 
only  six  indetTondent  sensor  chantLels. 

Figures  IQ  and  11  are  functional  block  diagrams  of  ttose  redundant  system  conf iguratiorvs. 
obviously,  any  configuration  between  these  two  extremes  may  be  implemented  to  achieve 
the  specified  system  reli^iiity. 


Figure  10.  Hinimum  fail-safe  strapdown  system  configuration. 
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If  the  sensors  are  mounted  so  that  no  three  sensitive  (input)  axes  are  coplanar,  tne 
strapdown  solution  is  valid  in  either  configuration  wi^  only  the  outputs  of  any  three 
of  the  sensor  channels.  Redundant  systems,  however,  are  normally  operated  in  an  active 
redundancy  mode;  all  equipment  is  operating  during  the  entire  flight.  This  mode  of 
operation  improves  system  performance  since  the  strapdown  solution  may  be  obtained  by 
averaging  certain  sensor  errors  by  combining  their  outputs  into  a single  solution.  In 
addition,  active  redundancy  operation  prevents  any  system  "down  time"  in  the  event  of  a 
single  sensor  failure,  while  a standby  sensor  is  brought  into  operational  status. 


The  minimum  four-channel  system  provides  fail-safe  sensor  operation  in  that  it  can  detect 
that  a failure  of  one  of  the  sensor  channels  has  occurred  without  external  aids.  A 
minimum  of  five  channels,  however,  is  required  to  isolate  a single  failure.  The  minimum 
fail-safe  configuration,  then,  is  useful  primarily  in  an  augmented  or  integrated  navi- 
gation system  where  the  external  navigation  sensor  can  be  used  to  isolate  any  failed 
stra;^'down  system  channel  failure. 


The  inability  of  a four-channel  system  to  fault  isolate  results,  because  a failed  channel 
signal  will  appear  in  three  of  the  four  solutions.  The  contribution  of  this  failed 
channel  sensor  to  any  of  these  three  solutions  is  variable.  Then  a failed  channel  will 
only  result  in  four  different  solutions  to  the  input  vector  and  voting,  to  determine  the 
one  invalid  solution,  is  impossible. 


With  5 channels,  however,  10  system  solutions  using  the  output  of  any  4 of  the  channels 
is  feasible.  But  a failed  channel  can  contribute  to  only  six  of  these  solutions.  All 
of  these  solutions  will  again  be  different  for  a fixed  input.  The  remaining  four  solu- 
tions, which  ate  identical  within  the  normal  error  limits  of  the  sensors,  will  all  be 
solutions  using  sensor  outputs  that  do  .not  include  the  failed  channel.  This  permits 
isolation  of  ttui  failed  channel. 


The  six-channel  redundant  system  can  isolate  two  channel  failures  and  detect  a third, 
thereby  providing  fail-op/fail-op/fail-safe  redundancy  level. 

Many  algorithms  have  been  investigated  and  reported  in  the  literature  19,10,11)  on  fault 
isolation  of  a redundant- channel  strapdown  system. 

The  error  sources  of  the  sensors  ace  statistical  in  nature;  representative  of  a popu- 
lation of  sensors  whose  errors  are  randomly  distributed  and  uncorreiated  between  sensors. 
If,  then,  the  transformation  matrix  is  obtained  by  processing  of  redundant-sensor  infor- 
mation, the  accuracy  of  the  final  8oluti<'n  is  upgradetl  by  statistical  averaging.  The 
amount  of  this  upgrading  depeiuls  -n  the  level  of  redundancy  atvl  the  relative  orientation 
of  the  sensors. 


The  optimum  tjerformance  conf iguratiwi  of  the  system  dej^nds  on  the  error  characteristics 
of  the  sensors,  and  the  degree  of  redurwlaney  of  the  sensor  ehaw»cls, ( 12)  the  relative 
orientation  of  the  sensors,  and  the  orientation  of  the  sensors  to  the  linear  and  angular 
acceleration  vectors  of  the  vehicle. 


for  cruise  vehicles,  where  dynamic  inputs  are  likely  to  be  small,  the  optimum  orienta- 
tion of  the  sensors  is  with  egual  space  angles  between  the  sensitive  axes  of  the  sensors. 
The  sensitive  axes  of  the  four-channel  sensors,  then,  are  normal  to  the  planes  formed 
by  the  sides  of  an  egullateral  tetrad,  and  the  sensors  of  the  six-channel  coitflgu^ration 
are  normal  to  the  planes  formed  by  the  aides  of  a regular  hexad. 

Recent  ctudlcs,  however,  show  that  there  is  little,  If  any,  performance  dlffere.tce 
between  a symmetrically  skewed  hexad  JlJ)  co4»f iguratlon  and  a dual  orthogonal  triad 
configuration  if  the  two  orthogonal  triads  are  related  to  each  other  by  rotation  of  one 
triad  by  60  degrees  around  a 1,1.1  axis  of  rotation  of  the  other  t-iad.  This  2 times  1 
configuration  has  a distinct  physical  packaging  advantage  since  the  orthogonal  triad  is 
the  normal  packaging  configuration  of  strapdown  liter tiai  systems. 

for  trade-study  parameters,  the  degree  of  performance  improvement  may  be  represented  by 

Sa  - /Vti  Sp 

where 

■ error  per  axis 
4^  > error  per  channel 
N > number  of  sensor  channels 
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4.  COST/PERFORMANCE  OPTIMIZATION 

The  cost/performance  ratio  of  the  preliminary  system  mechanization  is  optimized  using 
the  principal  tool  of  system  simulation.  The  subtasks  of  optimization  are  shown  in 
Figure  12.  The  inputs  to  the  optimization  task  are  the  preliminary  system  configuration 
and  specific  cost  and  performance  data  on  the  selected  elements  of  the  configuration. 

Sensor  calibration  and  compensation,  as  a 
viable  option  for  systems  optimization,  is 
limited  both  by  the  ability  to  measure  the 
sensor  errors  and  by  the  stability  of  those 
errors  as  a function  of  time  and  operation 
in  a stressful  environment. 


The  errors  of  atrapdown  sensors  are  not 
readily  measured  because  when  the  sensors 
are  mounted  in  a vehicle  there  are  no  easy 
means  for  applying  a precisely  known  input 
rate  or  acceleration  vector. 

Some  sensor  errors,  such  as  misalignment  of 
the  sensitive  axes  from  orthogonality, 
scale-factor  nonlinearities,  and  angular 
acceleration  sensitivity  (which  have  good 
long-term  stability)  are  calibrated  before 
the  system  is  installed.  These  errors  may 
be  compensated  either  by  specific  circuitry 
in  the  sensors  or  special  software  in  the 
processor . 

Sensor  errors  that  are  temperature  dependent, 
such  as  scale  factor,  may  be  corrected  by 
Qitl>er  temperature  control  of  the  system  or 
by  thermal  modeling  and  compensation  by 
software  as  a function  of  measured  terni'erature.  Temperature  control  is  most  accurate 
but  requires  more  eitergy  and  limits  system  reaction  time  to  achieve  thermal  stability. 

Errors  (such  as  bias,  randomness,  and  threshold)  that  change  day-to-day  or  start-to- 
start  or  as  a result  of  thermal  eyeloa  or  variahle  vibrati^  environment  are  most  diffi- 
cult to  measure.  A transfer-alignment  technique  using  Kalman  filtering  to  correlate 
the  sensor  outputs  m.^y  oe  im{)lemented  with  enough  sophistication  to  separate  all  measur- 
able error  terms.  The  cost  is  processor  time  and  memory,  and  adequate  drivirg-function 
inisut.  fieeause  these  easts  are  significant,  the  system  synthesiser  must  carefully  model 
the  sy’stem  and  determine  error-sensitivity  coefficients  for  the  operational  flight  pro- 
gram to  limit  measurement  and  co«i>ensaticin  to  only  the  significant  senaer  errors.  Tor 
example,  an  air-to-air  surface  missile  system,  which  is  normally  launched  alone  the 
target  line-of-sight,  may  compensate  for  pitet*  gyro  bias  but  not  asimuth  or  roll  gyro 
biases  although  all  are  easily  measurable. 

densor  orientation  of  sensitive  axes  with  respect  to  the  principal  measurement  vectors 
may  be  optimised  for  best  performance  for  initial  alignment  and/or  flight  operations. { 14) 

In  self-leveling  and  gyrocompass Ing  o}H!raticins,  the  sensors  are  operating  as  null  seekers, 
and  in  transfer  alignment,  the  sensors  must  aentrately  measure  an  absolute  vector  magni- 
tude. for  major  instrument  errors  of  misalignment,  bias  and  scale-factor. I IS)  Table  S 
shows  the  relationship  of  measurement  errors  as  a function  of  the  orientation  Of  the 
instruments  with  respect  to  the  measured  vector  direction. 


Table  S.  Errors  as  function  of  sensitive-axis  orientation. 
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where 


<3  “ error  in  indicating  the  vortical 
CSA  “ misalignment  angle 
= bias  error 

and 


Ogp  = scale-factor  error 


Sensor  input  axes  also  have  optimum  orientations  with  respect  to  the  vehicle  dynamics 
tor  in-f light  operation.  For  example,  with  simultaneous  application  of  accelerations 
perpendicular  to  both  input  and  pivot  axes  of  a pendulous  accelerometer,  the  displace- 
ment  of  the  pendulum  from  null  results  .in  a cross-axis  error.  This  error  is  minimized 
li  the  pivot  axes  of  the  accelerometers  are  mounted  along  the  major  thrust  axis  of  the 
vehicle  as  shown  in  Table  6.  In  this  table  X is  the  direction  of  the  longitudinal,  or 
thrust  axis  of  the  vehicle,  Y and  Z are  normal  to  X with  Z the  nominally  vertical  axis. 

Table  6.  Optimum  accelerometer  orientation  example. 


Input  Axis 

Pivot  Axis 

X 

Z 

Y 

X 

Z 

X 

As  a second  example,  vehicle  roll  rates  are  generally  much  higher  than  pitch  and  yaw 
rates.  Orienting  a gyro  cluster  so  that  vehicle  roll/pitch  rates  are  measured  by  two 
gyros  whose  outputs  are  resolved  by  the  computer  to  generate  body-axis  roll/pitch  rates 
will  reduce  the  dynamic  range  requirements  of  the  two  gyros  with  consequent  reduction 
in  measurement  linearity  errors. 

If  the  vehicle  modes  and  directions  of  vibrations  in  flight  are  known,  the  orientation 
of  sensor  axes  may  be  optimized  to  reduce  nonlinear  rectification  errors.  For  example, 
with  single  degree-of-freedom  gyroscopes,  anisoelastic  drift  results  from  accelerations 
applied  simultaneously  along  the  input  axis  (lA)  and  spin  axis  (SA) . For  this  reason 
it  may  be  desirable  to  orient  the  gyroscopes  so  that  either  its  input  axis  or  spin  axis 
lies  along  the  vehicle  body  axis  which  has  minimal  accelerations  in  flight.  For  a 
missile  launched  along  the  line-of-sight  to  the  target  this  body  axis  may  be  Y.  This 
assumes  the  following  coordinates: 

X is  along  the  longitudinal  or  thrust  axis. 

Y and  Z are  normal  to  X with  Z nominally  vertical. 

Then,  an  optimum  gyro  orientation  to  reduce  anisoelastic  drift  from  vibration  or  steady- 
state  accelerations  is  shown  in  Table  7. 


Table  7.  Optimum  gyroscope  orientation  example. 
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Complete  system  simulation  is  the  tool  for  optimization  of  the  computer  algorithms  and 
final  verification  of  the  optimized  system  configuration.  The  simulation  capability  is 
shown  in  Figure  13  in  block  diagrcun  form. 
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A general  criteria  for  an  optimum  strapdown  algorithm  is  to  establish  update  rates, 
sensor  quantization  levels,  integration  techniques  just  sufficient  to  achieve  a compu- 
tational error  rate  that  is  small  (<10%)  with  respect  to  the  total  system  error  budget. 
The  simulator  input  for  this  optimization  task  is  often  simple  coning  motion.  Coning 
motion  has  an  analytic  solution  so  that  reference  solution  errors  do  not  affect  the 
observed  algorithm  performance;  coning  motions  are  a severe  exercise  of  the  principal 
strapdown  algorithm. [16,17,18] 

The  final  definition  task  is  verification  by  simulation  of  the  optimized  system.  This 
simulation  can  be  either  a digital  computer  solution  of  the  error  equations  or  a complete 
representation  of  the  system  including  the  computer  algorithms,  and  mathematical  models 
of  the  sensors  in  their  optimum  mounting  configuration. 

The  input  to  this  simulation  should  be  a dynamic  nonlinear  trajectory  segment  or  flight 
profile  that  is  representative  of  the  vehicle  in  its  assigned  mission.  The  profile 
generator  is  a six-degree-of-freedom  simulation  of  the  vehicle  under  thrust  acceleration 
and  programmed  maneuvers. 

The  advantage  of  simulating  only  the  error  equations  is  in  reduced  computer  time  and 
costs.  An  advantage  of  the  complete  system  simulation,  as  will  be  shown,  is  that  the 
simulator  may  later  be  used  in  the  final  demonstration  process  of  system  synthesis  to 
verify  the  physical  system. 

The  selected  sensors  should  be  modeled  with  error  coefficients  specified  by  the  manu- 
facturer to  provide  some  assurance  that  the  simulated  system  is  in  fact  physically 
realizable.  However,  some  caution  is  advised: 

(1)  Many  more  error  sources  of  sensors  can  be  analytically  modeled  [18] 
and  even  demonstrated  by  caruful  test  procedures  ow  the  instrmnents 
than  should,  for  economic  reasons,  be  included  in  the  simulation. 

At  most,  two  or  three  error  sources  of  each  sensor  dominate  the 
system  performance. 

iZ)  Values  of  coefficients  that  are  quoted  as  one  sigma  or  rms  imply  that 
the  coefficient  values  of  the  population  of  sonsrrs  has  a standard 
distribution.  In  fact,  the  pressure  to  achieve  production  schedules 
almost  always  results  in  a coefficient  magnitude  distribution  that  is 
skewed  toward  the  maximum  allowable  acceptancf.  testing  limits. 

(3)  Tha  degree  of  risk  involved  in  assuming  that  some  error  coefficients 
may  be  caiibrsted  or  measured  and  compensated  is  almost  directly 
proportional  to  the  magnitude  cf  the  affeotsd  coefficient.  Before 
simulating  compensated  errors  it  is  ncoesoary  to  k.iow  tha  day-to-day 
turn-on- to- tut n-on  temperature  ana  acooleratlon  shook  stability  of 
the  error  coefficient.  Those  values  ate  not  always  specified,  or 
even  known,  by  the  manufacturer. 

(4)  Tor  application  of  a strapdown  system  that  requires  input  to  a Kalman 
filter  (fur  example,  for  transfer  alignment  or  for  operation  In  a 
hybrid  radio,^inortial  syscam) , an  important  performance  characteristic 
is  the  correlation  time  of  the  randomness.  Again,  the  risk  in  accepting 
manufacturer's  data  for  correlation  time  or  power-spootral-density 
values  of  the  randoaness  is  related  to  the  magnitude  of  the  randomness 
coefficient.  The  difficulty  of  testing  combined  with  the  variation  in 
the  population  of  sensors  makes  meaningful  data  on  this  parameter  a 
function  of  instrument  quality. 


Obvlcusly,  in  synthesis  of  a strapdown  system,  some  of  the  tasks  discussed  above  may  be 
omitted  or  modified.  Other  tasks  may  have  to  be  iterated  for  a final  configuration, 
depending  on  the  degree  of  optimization  deaired. 
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Strapdown  system  synthesis  involves  both 
generating  of  specifications  from  top  level 
down,  and  assembly  and  tasting  from  the 
bottom  level  up. 

The  top-down  specification  tasks  described 
above  begin  with  weapon  system  requirements, 
and  culminate  in  detailed  specifications  and 
test  plans  and  procedures  for  the  optimized 
system  and  its  major  elements.  System  demon- 
stration is  the  step-by-step  inverse  process 
(Figure  14}  of  converting  these  specifications 
into  operational  hardware  and  software. 

The  specified  suijor  elements  may  be  procured 
ttkrough  engineering  development  or  by  direct 
purchase  of  existing  units. 


Figure  14.  System  demonstration  tasks. 


The  final  phase  of  system  synthesis,  then,  is  testing  of  the  elements,  assembly  of  the 
demonstrated  elements  into  a strapdovm  system,  testing  of  the  system,  and  finally, 
integration  and  demonstration  of  the  system  with  the  total  avionics  suite  of  the  vehicle. 


Integration  of  the  physical  system  into  the  total  avionics  is  aided  by  the  complete  sys- 
tem simulation.  The  veracity  of  the  simulation  is  first  tested  by  comparing  it  to  the 
operating  hardware  performance  for  a particular  dynamic  input  that  can  be  generated 
and  measured  in  the  laboratory.  Specific  examples  are  constant  angular  rates  using  a 
centrifuge,  or  complex  coning  motion  using  scorsby  or  servo-driven  tables.  The  verified 
strapdown  system  simulation,  interchangeably  with  the  physical  system,  may  then  be  incor- 
porated in  a total  avionics  suite  simulation  to  check  for  adverse  effects  of  interactions 
under  dynamic  operating  conditions.  This  is  a cost-effective  technique  for  systems  inte- 
gration prior  to  actually  installing  the  physical  system  in  the  carrying  vehicle. 
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I . INTRODUCTION 

1 . I Background  To  The  Lecture 

This  lecture  concerns  a fairly  simple  application  of  strapdown  inertial  techniques.  The  mathematical 
background  that  is  presented  is  straightforward  (which  may  well  be  a welcome  relief  after  the  remarkably 
clear  but  nonetheless  esoteric  algebra  of  yesterday).  The  objective  of  this  lecture  however  is  to  examine 
a simple,  yet  interesting  application  of  strapdown  that  is  about  to  go  into  production  after  the  manufacture 
of  thirty  or  so  prototype  and  engineering  development  models. 

A simple  approach  to  strapdown  attitude  sensing  is  possible  in  underwater  weapons  because  the  dynamics 
of  thr  vehicle  allow  simplifying  approximations  to  be  made  to  the  coordinate  transformations. 

The  theory  of  the  strapdown  attitude  sensing  mechanisation  is  explained,  and  the  experience  gained 
from  early  trials  is  illustrated. 

The  current,  digital  mechanisation  of  the  attitude  sensing  function  is  described  and  the  results  of 
the  continuing  trials  programme  are  reviewed. 

A brief  examination  is  made  of  the  way  in  which  the  techniques  developed  for  the  underwater  weapon 
environment  can  be  extended  for  other  relatively  low  accuracy  strapdown  inertial  mechanisations. 


1.2  The  Benefits  of  Strapdown  for  Underwater  Weapon  Applications 


The  first  figure  summarises  the  benefits  of  the  strapdown  approach. 

The  background  to  those  will  be  investigated  a little  further  in  a later  section  Suffice  it  to  say 
that  in  1964  the  Admiralty  Underwater  Weapons  Establishment  (A.U.W.E.)of  the  Ministry  of  Defence  (Navy), 
MOD(N)  were  about  to  initiate  work  on  a new  generation  of  weapons  and  they  were  conscious  that  v^icle 
attitude  measurement  and  control  system  was  an  area  in  which  a major  improvement  was  required.  They  held 
initial  discussions  with  industry  to  explore  the  possibility  of  a strapdown  approach  which,  at 
was  novel.  The  discussions  with  my  Company  established  an  agreement  that  the  strapdown  approach  should  be 
the  correct  one. 

Hence  in  the  summer  of  1964  A.U.W.E.  let  a contract  for  the  Initial  Systems  Studies  of  a Torpedo 
Control  System.  These  studies  compared  a gimballed  platform,  two  degree  of  freedom  gyro,  and  strapdown 
approaches  and  within  a few  months  had  established  that  the  strapdown  technique  showed  the  most  promise. 


2.  THE  CONTROL  PROBLEM  FOR  AN  AIR  LAUNCHED  TORPEDO 

The  air  launched  torpedo  represents  a very  severe  control  problem.  Figure  2 illustrates  a possible 
air  drop,  pullout,  search  and  terminal  homing  trajectory.  Each  of  these  phases  places  constraints  on  tlic 
vehicle  motion  sensing  and  control  system  which  will  be  reviewed. 


Whilst  the  weapon  aboard  the  carrier,  which  can  be  helicopter,  conventional  aircraft,  guided  weapon 
or  surface  craft,  data  on  the  target  is  loaded  into  non-volatile  store.  This  data  would  include  direction 
of  target,  if  known,  and  would  specify  tactical  parameters  such  as  search  depth,  water  depth  etc.  It  is, 
in  general,  to  include  data  about  the  mother  vehicle  attitude  and  motion  as  this  necessitates  an  interface 
between  the  mother  vehicle  flight  systems  and  the  weapon,  and  as  a variety  of  mother  vehicles  are  involved, 
this  results  in  a proliferation  of  differing  standards  of  interface  unit.  Because  of  this  it  is  desirable 
to  release  the  weapon  with  sensors  and  control  systems  inert.  A possible  alternative  is  to  energise  the 
align  weapon  sensors  while  on  the  mother  vehicle  but  this  necessitates  a power  supply  to  cover  the  airdrop 
phase  as  well  as  a sensing  and  computation  capable  of  dealing  with  the  severe  manoeuvres  encountered  during 
parachute  deployment  and  water  impact. 

In  particular  an  all  angle  attitude  system  is  required  to  cover  the  air  drop  phase  because  the  weapon 
may  undergo  multiple  rolls  in  addition  to  large  pitch  excursions. 

Water  entry  involves  severe  shocks  and  high  transient  angular  rates.  A few  seconds  after  water  entry 
the  batte-y  output  begins  to  rise,  current  is  available  for  control  functions  and  the  propulsion 
svtem  str.rts  accelerating.  The  vehicles  control  functions  must  start  up  in  a very  short  time,  in  this  phase, 
o^'the  vehicle  will  commence  violent  manoeuvres  during  which  it  would  bt  impossible  to  align  the  control 
system. 

The  control  system  aligned  and  the  vehicle  under  control,  descent  to  a ^ 

initiated  followed  by  a search  manoeuvre  which  allows  the  sonar  to  survey  a selected  volume  of  sea.  If  no 
iSry  ts’de^eS  a r^n  out  on  a predetermined  heading  may  be  initiated  followed  by  a search  at  the  same, 
or  a Uiff“reiit  depth.  When  a target  is  detected,  a terminal  homing  based  on  a lead  angle  computing 
p^oLdirl'and  «Sai  manoeuvre  to^ensure  a hit  against  a vulnerable  region  of  the  target,  are  initiated. 

The  manoeuvres  illustrated  are  typical,  weaving  manoeuvres  and  spiral  dives  may  also  be  specified. 


A prime  constraint  is  that  the  homing  array  which  provides  a basically  horizontal  fan  of  sonar 
energy,  must  be  kept  horizontal  if  reflections  from  the  surface,  the  bottom,  or  isothermal  layers  are  not 
to  confuse  the  system. 

Weapon  roll  excursions  must  therefore  be  restricted  to  about  ^ 2°  during  search  phases  which  implies 
a roll  attitude  sensing  accuracy  of  the  order  of 

Against  this  background  we  can  examine  the  attributes  of  strapdown  recorded  in  the  slide. 

The  benefit  of  ruggedness  is  self  evident,  the  problems  of  alignment  on  the  carrier  and  carrying 
that  alignment  through  the  air  drop  phase  have  already  been  mentioned. 

Continuous  updating  wherein  the  accelerometers  used  to  align  the  system  are  heavily  filtered  and  used 
in  a long  time  constant  gravity  update  mode  is  a significant  advantage  as  this  approach  facilitates  the  use 
of  relatively  small  (and  therefore  rugged)  moderate  performance  rate  g>Tos. 

Rapid  run  up  has  already  been  identified  as  a necessary  attribute. 

The  fact  that  the  strapdown  approach  enables  a topple  free  mechanisation,  or  at  least  provides  a 
capability  to  recover  from  and  align  after  a topple,  is  of  course  a significant  advantage  when  the  strapdown 
approach  is  compared  with  a two  degree  of  freedom  gyro  or  platform  solution. 

3.  TOE  REQUIREMENTS  FOR  ATTITUDE  SENSING  FOR  AN  UNDERWATER  WEAPON 


As  originally  set  out  the  design  requirements  for  the  system  were, 

(a)  Roll  Angle  (>  to  be  measured  over  the  range  ^90°  to  an  accuracy  better  than  1 degree 

(b)  Pitch  Angle  6 to  be  measured  over  the  range  *85°  to  an  accuracy  better  than  1°  when 
-45”  < 0 4 4S” 


(c)  Azimuth  Angle  continuous  rotation  to  an  accuracy  of  better  than  S*’ 

(d)  Roll  rate  ^ to  be  measured  over  the  range  *_  100 “/second  with  an  accuracy  of  5\ 

(e)  Azimuth  rate  iji'to  be  measured  to  an  accuracy  of 
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(h)  Depth  to  he  measured  over  an  accuracy  of  ♦ O.St  of  full  range 

(j)  The  system  to  provide  power  outputs  to  drive  electro-hydraulic  control  surface  actuators 
according  to  the  following  approximate  control  laws 
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(A)  Size  weight  and  cost  to  be  minimal,  consistent  with  the  above 

The  most  important  parameters  are  noted  in  Fig. 3 which  also  sueaurlses  the  environmental  reqult<*t’**ts. 
It  should  be  noted  that  many  of  these  parameters  have  subsequently  changed.  However  the  requirements  today 
are  very  similar  overall  and  no  parameter  has  changed  so  significantly  to  alter  the  basis  for  the  system. 

Reviewing  these  parameters  it  is  clear  that  roil  and  pitch  range  and  accuracy  are  critical  particularly 
when  coupled  with  the  alignment  problems  briefly  reviewed  in  1.2. 

Before  describing  the  mechanisation  of  the  chosen  system  in  more  detail  it  Is  necessary  to  very  briefly 
discuss  some  of  the  alternates  that  were  discussed  at  the  time. 


The  competing  sensor  and  computational  approaches  arc  summarised  in  Fig. 4. 


As  this  lecture  is  only  incidentally  historic,  only  a brief  review  of  the  pros  and  cons  of  each 
is  necessary. 

Both  the  Two  Degree  of  Freedom  gyros  and  platform  solutions  necessitate  the  generation  of  the 
required  body  rate  data  by  differentiation  of  gimbal  angle  outputs  with  consequent  noise  problems.  The 
available  Two  Degree  of  Freedom  gyros  had  adequate  drift  performance  or  activation  time  but  not  both. 
Available  platforms  had  slow  erection  time  and  inadequate  shock  performance.  These  considerations  apply 
today  in  that  the  rate  gyro/accelerometer  solution  is  the  cost  effective  one. 

The  computing  story  has  of  course  changed.  Whereas  the  1967  decision  was  marginally  in  favour  of  analogue, 
electronic  computing  with  a digital  mechanisation  a close  second  and  mechanical  analogue  a poor  third,  the 
digital  approach  is  now  obviously  superior  in  many  cases  and  in  fact  the  project  implementation  of  the  ASU 
was  redesigned  to  incorporate  a digital  computing  mechanisation  in  1971. 

4.  SYSTaiS  MECHANISATION  OF  THE  ATTITUDE  SENSING  UNIT  (ASU) 

A block  diagram  of  the  ASU  is  shown  in  Fig. 5. 

In  essence  the  three  rate  gyro  outputs  p,  q fi  r are  resolved  into  Euler  axes  and  integrated  to 
provide  Euler  angles  itig  and  8g.  Those  Euler  Angles  are  updated  by  filtered,  resolved,  accelerometer 
outputs  monitoring  the  gravity  vector. 

A fluxgate  system  consisting  of  three  orthogonal  fluxgates  and  magnetic  compensation  circuitry 
provides  the  azimuth  reference. 

The  nature  of  torpedo  dynamics  allow  a number  of  valid  approximations  to  the  acceleration  equations 
that  enable  a good  estimate  of  gravity  vector  direction  with  a filter  time  constant  of  ten  seconds  or  so. 

The  Euler  Rato  Unit  is  a mechanisation  of  the  following  Euler  Transformation, 
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the  suffix  g indicates  gyro  derived  information  and  the  suffix  n,  measured  data. 
The  updating  unit  liochanises  a set  of  equations  such  as, 
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This  particular  form  of  updating  or  mixing  is  termed  second  oidev  and  it  is  isportsi.t  to  have  a 
physical  understanding  of  it.  this  may  bo  obtained  from  a brief  look  at  a block  diagram  implementatioo 
of  tite  equations  shown  in  fig. 6. 
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In  effect  the  integrator  (k^)  stores  the  null  offset  error  in  8^. 


4.1 


Gravity  Angle  Unit 


If  Ojj  dy  and  are  the  outputs  of  accelerometers  mounted  along  the  x,y  and  z axis  respectively 
then  the  accelerometer  outputs  are, 

2 2 

a = u + qw-vr  + a (-q  -r  ) + a (-r  + pq)  + a (q  + pr)  + g sin  6 -4 

X X y 2 

2 2 

^ a V ' pw  ♦ ur  ♦ a (r  ♦qp)  ♦ a (-p  -r  ) ♦ a (-p  ♦ qr)  -g  $iM  cos0  -5 
y X y z 

2 2 

a,  = w + pv  -qu  + (-q  ♦rp)  ♦a^  (p  ♦ rq)  ♦ a (-p  -q  ) -g  cos  6 cos  ♦ -6 

z X y z 

the  gravity  terms  g sin  6 and  -g  sin  cos  6 are  the  terms  required,  all  the  others,  in  this  instance,  are 
contamination.  The  equation  is  not  utilised  in  many  applications. 

The  fourth,  fifth  and  six  terms,  all  depending  on  sensor  displacement  from  the  CG,  and  all  determinate 
if  p,  q and  r and  their  first  differentials  are  available. 

The  first  three  terms  require  knowledge  of  vehicle  velocity.  This  could  be  obtained  inertially  or 
hydrodynamically.  In  either  case  the  cost  of  an  ASU  would  rise  considerably. 

V and  w remain  at  or  near  zero  except  during  major  manoeuvres,  hence  much  of  the  effect  of  these  terms 
may  be  removed  by  low  pass  filtering.  In  addition  u may  be  satisfactorily  approximated  by  a law  using 
propulsor  rpm  as  the  only  variable. 

To  summarise  • 

(a)  Resolved  and  integrated  gyro  outputs  provide  the  'short  term*  inertial  reference.  'Short  term'  could 
be  less  than  ten  seconds  (far  straightforward  spring  restrained  rate  gyros)  to  a 100  seconds  or  so  for  rugged 
high  torquer  capability  rate  integrating  gyros.  In  fact  the  azimuth  output  may  be  left  unmixed  to  represent 
the  free  drift  output  of  the  yaw  gyro  plus  contamination  due  to  errors  in  the  measurement  of  the  vertical, 
though  this  is  only  realistic  for  a vehicle  that  runs  “straight  and  level"  for  a considerable  portion  of  the 
mission. 

(b)  The  filtered  output  from  accelerometers  provide  the  long  term  vehicle  reference.  The  filtering  may  be 
augmented  by  compensation  for  various  non-gravity  acceleration.  The  need  for  and  success  of  these  compensa- 
tions will  depend  on  the  quality  of  the  gyroscopes  fitted  and  the  characteristics  of  the  dynamics  of  the 
vehicle. 

4.2  Pluxgate  ilements  and  Azimuth  Angle  Unit 

So  far  we  have  made  no  detailed  reference  to  the  atlwuth  system.  The  fluxgate  system  comprises  three 
orthogonal  gates  mounted  along  axes  parallel  to  the  principal  axes  of  the  vehicle. 

The  fluxgates  are  a standard  type  consisting  of  primar>‘  and  secondary  coils  wmmd  on  a pair  of  soft 
iron  cores.  The  primary  is  excited  by  an  audio  sinusoidal  frequency  current  of  sufficient  aaptitude  to  drive 
the  cores  into  saturation  at  the  current  peaks,  the  secondary,  wound  differentially  about  the  two  cores 
picks  up  the  second  harmonic  content  caused  by  the  change  in  inductance  at  saturation.  This  output  is 
approximately  proportional  to  field  strength  for  applied  static  fields  less  than  the  saturation  field  for  the 
cores,  to  improve  the  linearity  of  output  the  fluxgates  are  utilised  in  a feedback  mode,  The  secondary 
output  is  demodulated  and  fed  back  to  the  primary  so  that  the  net  field  in  the  cores  is  aero  and  the  d.e. 
current  in  the  primary  a measure  of  the  impressed  field. 

Of  course  such  devices  measure  any  low  frequency  field,  net  just  the  component  of  earth  magnetic  field 
along  the  axis  of  a particular  gate. 

the  fluxgate  outputs  are  therefore  compenseted  for  the  'hard*  iron  and  toft  iron  effects  caused  by  the 
torpedo. 

if  the  free  geomagnetic  field  along  the  torpedo  ases  (f.fyf,)  and  the  ftuxgates  measure  the  actual 
field  at  their  location  then,  * ^ 
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khere  (S)  is  a matrix  of  coefficicMs  varying  with  field  distortion  (the  soft  Iron  effects)  h is  a 
supcria(wsed  ugnetic  field  fixed  relative  to  the  toiT>cdo  axes. 

the  earth  field  may  he  represented  by  Itoriaontal  and  Vertical  components  II  and  Z to  that. 
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Let  the  matrix  of  equation  8 be  A,  then, 

[g]=  (S)  (A)  (H  cos  H,  ) •w 

(-H  sin  i(i) 

( ) 

( Z ) 

(A)  (H  cos  </  ) = [s]  '^[(8)-{h)]  -9 

(-H  sin  i|i  ) 

( Z ) 

so  that  if  the  soft  iron  characteristics  (S)  and  the  hard  iron  characteristics  (h)  are  stored  in  the  ASU 
before  the  mission,  the  LHS  of  equation  can  be  deteimined. 

The  RHS  of  equation  appears  fairly  complex.  In  fact,  if  it  can  be  assumed  that  roll  angle  is 
controlled  to  zero,  which  is  normally  the  case  for  torpedoes  as  was  explained  in  the  introduction,  a 
straight  forward  computation  for  azimuth  demand  is  available. 

If  the  desired  magnetic  heading  is  >1',^  and  ^ ° 0 then. 
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and  H sin  (p  * * H sin  ip  cos  ip ^ * H cos  ip  sin  ip^ 

So  that  sin  (ip  - ip^)  • 'g  ^(f^  cos  0 * f ^ sin  0)  sin  cos  -lO 

S.  REVIIK  Of  ATTltyOg  SBNSIfiG  UNIT  HARWiARt 

the  ASU  hardware  has  been  through  three  major  phases, 

(it)  A prototype  analogue  system  that  was  subjected  to  extensive  ground  trials  and  elementary 
underwater  trials. 

(b)  A project  orientated  analogue  system  that  was  converted  mid-programme  into, 

(e)  A largely  digitally  mechanised  system  that  has  undergone  some  tens  of  underwater  trials. 

It  is  not  appropriate  to  belaboiir  the  original  analogue  mechanisation  of  the  ASU,  nonetheless  It 
may  he  pertinent  to  r*^lnd  the  audience  that  elegant  analogue  cos^tlng  solutions  to  some  problems  are 
^‘uUahte  and  can  still  co«q>ete  with  digital  approaches. 

An  suproprlate  example  is  the  mechanisation  of  sine  and  cosine  generation. 

two  mechanisations  were  developed,  a Limited  Angle  Sine  Cosine  Ccnerator  and  an  Integrating  Sine 
Cosine  Generator,  fig.?  and  fig  S respectively. 

The  limited  angie  unit  used  In  the  pitch  channel  of  the  analogue  ASU  is  configured  around  the 
precision  wavefom  generator  producing  sin  wt  and  cos  wt  wavefarm.s  at  Ha. 

These  waveforms  are  required  for  gyro  and  fluxgate  drive  in  addition  to  the  LA  SC  function. 

A pitch  angie  input  appropriately  scaled  is  pulse  width  modulated  and  chops  the  tin  and  cosine  wave- 
forms. The  smoothed  output  from  the  gates  Is  sin  and  cos 


for  instance. 


' Aces  wt  dl  » 2A  sin  wd 


and  the  average  of  this  output  after  low  pass  filtering  Is  ^ sind 
The  Integrating  sine  cosine  generator  is  rather  more  elegant. 

ignoring  for  a moment  the  dashed  single  paths,  the  loop  generating  s sin  and  t cos  Is  almost  self 
explanatory. 

The  single  paths  In  red  form  an  aaplltutde  control. 


The  error  term. 


• k |a^  • (sin^g  • cos^d  j | 


is  used  to  modulate  feedback  around  the  integrators  to  maintain  the  scaling  factor  z e<)ual  to  the  desired 
value  a. 

The  circuitry  associated  with  these  two  block  diagrams  was  developed  to  the  requisite  accuracy 
using  late  1960s  generation  linear  integrated  circuits. 


With  currently  available  component  technology,  these  circuits  can  be  more  accurate,  cheaper  and 
significantly  smaller.  In  small  vehicles  attitude  controls  systems  using  these  techniques  may  well 
remain  competitive  with  digital  mechanisations  for  some  time  in  the  future. 


5. 1 Digital  Implementation  of  Attitude  Functions 

The  attitude  sensing  unit  was  redesigned  in  a digital  implementation,  not  because  of  inherent  weakness 
in  the  analogue  approach  or  because  of  any  major  cost  or  size  benefit  from  digitisation.  The  provision  of 
pre-programming  and  logic  units  associated  with  mission  profiles  etc.,  within  the  project  vehicle  has 
resulted  in  the  incorporation  of  a special  purpose,  general  purpose  organised  minicomputer.  Investigations 
showed  that  this  machine  could  be  modified  to  include  the  attitude  sensing  functions  for  a fairly  small 
penalty. 

Initial  examinations  of  the  digitisation  of  the  attitude  control  functions  were  carried  out  in  the 
context  of  a 12  bit  data,  12  bit  address  serial  machine  with  an  add  time  of  7uS  and  resulted  in  the  following 
estimates. 


Time  for  1 iteration 

Inner  loop  functions  ICO  samples/sec  $.9ms 

Mode  Control  etc.  10  samples/sec  1.7»s 


Core  Storage  650  words  Programme 
250  words  Data 

The  attitude  functions  hence  absorbed  approximately  615  of  the  available  cycle  time.  Subsequent 
refinement  of  programme  structure  and  consolidation  of  the  attitude  functions  w)th  other  computer  functions 
reduced  the  overhead  due  to  the  attitude  functions  very  considerably,  so  that  the  store  locations  requir«i 
were  reduced  to  410  whilst  the  occupancy  was  down  to  155  or  so  in  a faster  5 ms  add  time  machine. 

The  simulation  of  the  digitally  mechanised  attitude  functions  revealed  few  problems  even  though  the 
original  Culer  transformation  approach  was  used  which  is  not  very  efficient  In  a digital  implementation. 
Subsequently  c ianges  in  vehicle  dynamics  did  hi^light  some  problems  in  the  roll  loop,  and  further  shaping 
of  control  laws  was  required. 

At  an  insuranace  against  quantitation  and  aliasing  problems,  a four  parameter  ^ler  lapiementation 
was  also  simulated  and  shown  to  save  storage  and  reduce  occupancy.  U was  not  proceeded  with  further  as  no 
praeticat  problems  were  found  with  the  conventional  ^ler  Approach. 

S.2  Sensors 

there  are  two  basic  determinates  for  the  accuracy  of  the  attitude  sensing  function  tdtether  the 
computing  is  digital  or  analogue,  they  are  the  accuracy  of  the  sensors,  and  t^  adequacy  of  accelerometer 
compensation  and  the  impact  of  these  is  inter-reiated. 

In  this  section  we  wilt  restrict  ourselves  to  sensor  accuracy. 

As  has  been  explained,  the  original  implementation  of  the  strapdown  attitude  sensing  unit  was  for  an 
air  launched  weapon,  and  a fluigate  'couqtass*  was  employed  in  the  aaimuth  axis. 

Ithiie  the  accuracy  requirements  for  the  rate  gyros  were  net  severe,  the  environmental  requirements 

were. 

A rugged,  fluid  damped,  spring  restrained  rate  gyro  of  the  following  performance  was  appropriate: 

Pull  scale  «ate  ^ iO^/stc 

lAill  over  the  temp  range  ^ d.255  PS 

Hysteresis  0.15  PS 

Scale  Pactor  ^ |5  PS  (otr) 


In  fact  simulation  indicated  that  some  retasation  in  these  parameters  v:.«  possible  but  depemdent  on 
tikely  vehicle  trajectories. 

The  accelerometer  performance  is,  in  tome  ways,  more  critical  as  long  term  attitude  accuracy  is 
directly  relaied  to  accelerometer  errors. 

If  we  consider  them*)*  accelerometer,  which  was  scaled  to  • 3g  because  of  the  considerable  centripetal 
accelerations  experienced  .then  *1*  error  Is  equivalent  to  ancrror'of^  0.155  PS  and  this  error  should  not  be 
exceeded  st  the  normal  search  turn  rates  of  the  vehicle  approaching  iTOg. 


Of  course  the  gyro  and  accelerometer  parameters  quoted  are  exceeded  by  many  orders  in  strapdown 
navigation  systems.  Nonetheless  the  achievement  of  say  the  10“/hr  gyro  drift  rate  and  SOpg  accelerometer 
performance  which  could  be  required  for  the  most  accurate  implementations  of  the  ASU  remains  difficult  when 
the  reaction  time  and  environment  are  considered. 

5.3  Initial  Trials  of  the  A.S.U. 

The  initial  trials  of  the  ASU  were  performed  in  a van.  A 'brass  board' ASU  was  tested  against  an 
Elliott  E3  inertial  platform  in  a van.  These  trials  proved  that: 

(a)  Tlie  ASU  functioned  correctly  and  was  accurate  to  within  of  the  accuracy  estimated  from  a 

mathematical  model.  ~ 

(b)  Some  fairly  hair-raising  manoeuvres  can  be  carried  out  in  a van. 

Subsequently  an  ASU  was  run  in  an  underwater  test  vehicle  in  the  English  Channel  mainly  to  evaluate 
the  performance  of  the  fluxgates  in  an  electrically  propelled  vehicle.  Again  the  trials  were  successful 
although  the  bang-bang  limit  cycle  operation  of  the  roll  control  system  in  this  test  vehicle  produced  some 
unexpected  effects.  These  effects  were  subsequently  established  as  being  due  to  the  approximations  in  the 
ASU  computing. 

The  digital  implenentation  of  the  ASU  has  now  completed  thirty  or  so  trial  runs  which  have  explored 
most  of  its  "flight  envelope".  No  problems  directly  associated  with  the  ASU  function  have  been  discovered, 
although  electrical  noise  levels  in  the  test  vehicles  have  been  higher  than  expected  and  work  is  proceeding 
to  reduce  these. 

6.  FURTHER  OEVEtOPMEHT  OF  WE  STRAPOOMl  ATTITUPE  SENSOR 

A development  of  the  ASU  is  curretUly  undergoing  development  model  trials. 

the  esajor  new  systems  requirement  for  this  development  was  an  atimuth  performance  in  the  3*/h  class 
free  drift  with  no  updating  available  after  launch  from  the  mother  vehicle. 

the  vertical  performance  accuracy  was  fairly  trivial  by  cocparlson  so  that  the  ailmuth  performance 
was  the  driving  requirement. 

ft  was  obvious  that  a digital  mechanlRatlon  was  appropriate  from  the  start,  and  tluit  the  performance 
of  the  asinuth  gyro  was  critical. 

the  approach  taken  to  the  sensor  problem  was  to  use  a rate  integrating  gyroscope,  such  as  the  Northrop 
(il  and  pravide  temperature  control  before  launch  to  obtain  near  optimum  drift  performance.  Currently 
testing  of  both  bait  bearing  and  gas  bearing  wheel  gyros  in  the  aaimuth  axis  is  proceeding. 

ft.t  System  Pesiga 

There  are  three  areas  in  which  significant  it^rovement  has  been  made  in  systems  desi|^  aspects. 

(a)  Improved  manipulation  of  attitude  and  mixing  algorithms 

(b)  Stnitstical  sensor  filtering 

(c)  lnpr«vcd  sensors 

It  is  appropriate  to  review  (a)  and  Cb)  in  a tittle  detail. 

the  Culer  sysKctrical  parameter  approach  was  chosen  and  applied  in  the  way  set  out  betow.  the 
%stem  ilock  diagram  is  st  Fig. 9. 

6.1  Attitude  Aigorithn 


the  attitude  of  the  torpedo  with  respect  of  Earth  co-ordinatc.s  may  be  represented  in  several  ways, 
the  Euler  Symesctrical  (or  Cayiey-klein  parameters)  is  the  method  chosen  for  this  application. 

The  principle  of  hymmetrlcal  Parameters  is  that  one  single  rotation  about  a suitable  position  axis 
wilt  result  in  coincidence  of  a moving  axes  set  xo  yu  an  with  axes  x y a whose  orientation  it  is  desired 
to  specify. 


Ut  • 
•|  ’ 

'j  * 
then  (Op,  ej,  Cj. 


cos  t*/2 
oc  sin  v/2 
0 sin  u/2 
8 sin  u/2 

Cj)  can  be  used  to  specify  the  atfituie  (x,  y,  a)  with  reslKct  to  (ox,  yo,  tol. 


The  rate  matrix  form  is  as  follows: 
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Because  four  parameters  are  being  used  to  describe  orientation  when  only  three  are  necessary,  a 
constraint  e<iuation  exists  of  the  foris: 
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6.3  berlving  Symmetrical  Parameters 

Suppose  a vector  is  x*  in  Earth's  co-ordinates  ((torth,  East,  fewai)  and  x'^  in  vehicle  co-ordinates 
(yaw,  pitch,  roll?. 

Then  x®  • A x''*  or  x''  « A.  x®  where  A *s  the  «artb-to«vchicle  transforeation  matrix. 

CV  VC  cv 

V*  * *evt  “ \c  " *vet  * (where  is  the  transpose  of  M).  ,ij 


In  particular  if  unit  vectors  polntiog  Sorth,  East,  Down  are  respectively  ilg^,  and  then  : 
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If  the  vehicle  has  aaKolar  velocity  h • |p,  q,  rj  aeoeured  ia  body  axes,  the*  1^®  has  an  aafuUr 
velocity  -H  with  respect  *e  the  torpedo,  to  that 


(Mhet*  S deaoies  the  cross  product  tad  i • ds  > 

3t 


Siaiiafly  Ug  • WXUg*  and  Ujj  «>  WXUjj'^  io  tl»t 


i To 

dt  I 1 


I U IL. 

N “f. 


.1  V ,,  V ,,  V 

o 'f  <i  Ujj  Ug  Ujj 


r o -p 


-q  p 0 


fft  * - - 0 q A 

\r  q -p  ’W 

[-q 

tiiiXcK  say  b«  written  - w X A 

ttierefor*  dA  ■»  W X A • 0 
It 

V«)u«s  of  p q and  r atro  avalUbln  to  aUe»  solution  of  the  above  equation  jivpn  in  initial  values 
It  can  bo  shovm  tltat  equation  il  may  oe  fe'erirattsad  iatr-  the  fnUovias 


“ *■ 

ubere  ftu  J o -p  -g  »T 
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If  V,  mui  tbfls  f:  «ui>-  be  toneidmd  constant  betttaen  ticea  t » Y and  t i»  s«a)l  tbcn  an 

appfoainate  lolotion  to  tbe  iiiffarantinl  equation  is: 


0 tt)  • cit  • T)  • fHhet't  • t) 

« («  » fi»Ti  »(t  - T) 


A better  apittMxisation  is: 

g (0  » esp  (fit)  e (t  - t) 
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= cos  |w|t  U + 2 sin  lw|  2 n -23 

2 ]¥]  2 


and  thus: 

e (t)  = cos  |w|t  e (t  - T)  +2  sin  |w|  T Q e Ct  - T) 

2 2 


It  is  worth  noting  that  equation  24  will  yield  equation  21  if  only  the  first  term  of  equation  23  is 
used.  Equation  24  will  be  implemented  within  the  ASU  to  maintain  the  required  heading  accuracy.  More 
powerful  solutions/approximations  such  as  a fourth  order  Rung  have  been  considered  but  the  accuracy  gained 
in  the  Algorithm  translation  by  the  slower  iteration  response  T is  not  considered  worth  while  in  this 
particular  application. 

6.4  Long  Term  Monitoring 

Mixing  a filtered  accelerometer  information  to  offset  drifts  and  non-linearities  in  rate  gyroscopes 
was  again  chosen  as  the  long  term  monitoring  mechanisation  using  the  approach  outlined  below  and  illustrated 
in  Fig. 10. 


\ (t)  = O'^  x’  (t)  + G [xj  (t)  - x^  (t)jj 

Where  D-d  D'^  - ( )dt,  G - x 

eft’  J 


T is  the  mixing  time  constant . 

X.  (t)  is  the  estimate  of  x (t)  from  the  long  term  (monitoring)  sensor  (accelerometer)  x^  (t)  Is  the 
"best"  estimate  of  xft),  x^  (t)  is  the  estimate  of  x (t)  from  the  short  tens  sensor  (rate  gyro) 

*0^*^  - x;  (t)  t GD'^  (t) 

I ♦ GO'^ 

- X,  W ♦ __  1 . Xj  (t) 


The  mixing  time  constant  r should  be  greater  than  any  acceleration  transients,  control  loop  or  external 
disturbances  but  obviously  not  so  long  as  to  make  drift  errors  significant.  The  dominant  factor  Is  wave 
motion  near  the  surface  and  a time  constant  of  about  SO  seconds  will  be  appropriate. 


The  operator  - functions  tD  and  1 are  known  as  "Wash  out"  and  "Lag"  respectively. 


1 + TD 


i + tD 


If  both  and  are  perfect  (ie  = x)  then  the  system  estimate 
X t = tD  X (t)  + 1 X,  (t)  = x(t) 

® 1 + tD  ® ITTb  ^ 


/•// 


6.5  Constraint  Equation 

When  equation  18  is  used  to  integrate  equation  22  computational  errors  will  tend  to  accumulate,  due 
to  such  limitations  as  word  length,  so  that 


2 2 2 2 
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This  error  is  corrected  by  dividing  e by  je]  at  a sub-multiple  of  the  iteration  frequency  fs. 
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Where  K is  selected  on  the  basts  of  trials  and  is  approximately  i. 
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The  overal'  echanlsation  of  the  software  system  is  shown  in  Fig. 9.  It  should  be  noted  that  an 
independent  Moasf;-'  of  ■chicle  forward  velocity  U is  again  required  in  the  accelerometer  correction  equations. 

The  object  of  this  section  was  to  provide  an  overview  of  the  mechanisation  of  a modern  application  of 
strapdown  to  the  attitude  control  of  a vehicle  and  to  show  that  the  mechanisation  can  be  relatively  simple 
in  certain  restricted  cases. 


The  'bottom  up'  gravity  monitored  approach  to  strapdown  vehicle  attitude  control  is  a valuable  approach 
to  system  mechanisation  and  in  a limited  tu^er  of  cases  a simpler  alternative  to  a full  .Schuler  Tuned 
Inertial  System. 

7.  AIRCRAFT  STRAFUOWN  SVST6MS 


Over  the  last  four  or  five  years  a considerable  amount  of  effort  has  been  expended  in  the  UR  on  the 
development  of  strapdown  techniques  for  aircraft  attitude  sensing  and  navigation. 

One  programme  har  continued  during  this  period  at  Marconi -Ft I iott,  its  beginnings  based  on  the 
torpedo  attitude  sensor  work  described  earlier  and  the  Company's  20  years  of  experience  with  platform  IR 
systems. 

Ttiis  programme  has  now  divided  Into  two  dcvelo|went  activities,  one  directed  at  the  development  of  a 
gyro  .suitable  for  Strapdown  Navigation  and  the  other  the  flight  trials  cf  a strapdown  attitude  reference 
using  conventional  pulsed  torqued  floated  gyros. 


Tlieso  flight  trials  are  aimed  at  verification  of  the  algorithms  diat  have  been  developed  by  Harcont- 
tllliott  and  to  this  end  the  algorithms  are  being  modified  during  the  trials  so  that  comparative  performance 
may  be  evaluated. 


It  Is  only  possible  to  provide  a very  brief  description  of  the  systems  approach  taken  in  this  trials 
equipment,  so  that  the  exi>erimcntal  results  shown  later  can  be  placed  in  context. 

The  gyros  selected  are  in  the  0.2*Ar  random  drift  class  and  itie  design  aim  perfotsuince  of  the  attitude 
and  heading  reference  system  is, 

I 0 level  accuracy  10  mb;. 

I a free  heading  drift  2*/ki 
7.1  itchulcr  Tuning 

An  air  data  velocity  source  is  used  to  minimise  gyro  arifi  effects.  The  velocity  mixing  filter  is 
third  order,  though  it  approximates  to  a xccond  order  system  with  a time  conieni  roughly  an  order  saaiier 
tlMti  the  ilchuter  period. 


7.2  Attitude  Update  Algorithm 


The  Four  Parameter  Euler  approach  is  used  with 
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an  update  algorithm  of  the  fourth  order  Rung  type. 
+ m4  ) 


e is  the  *e'  vector  at  time  n 
n 

is  the  'e'  vector  at  time  n ♦ I 


SI,  Slj  are  the  rate  matrix  (1  at  successive  iteration  intervals. 


7.3  Conclusion 

An  objective  of  this  paper  was  to  show  that  there  is  a range  of  practical  applications  of  strapdown 
in  which  cost  and  performance  vary  over  two  orders  of  magnitude  or  more.  The  emphasis  in  the  paper  has 
been  on  the  lower  end  of  this  range  where  it  has  been  shown  that  for  certain  classes  of  vehicle  strapdown 
attitude  sensing  was  the  cost  effective  approach  a decade  ago. 

This  cost  advantage  has  increased  over  the  years. 

Though  many  strapdown  systems  are  mechanised  using  digital  computing  experience  from  e decade  ago, 
coupled  with  recent  advances  in  linear  integrated  circuits,  it  shows  that  for  the  simpler  vehicles,  attitude 
sensing  using  analogue  computing  may  welt  be  economic  and  bear  serious  consideration.  The  majority  of 
angular  rate  and  acceleration  .sensors  that  are  aveilabie  and  suitable  for  small  vehicle  applications  have 
an  analogue  output,  most  actuation  systems  demand  an  analogue  input.  Though  this  situation  Is  changing 
and  is  continuing  to  change,  analogue  sensors  may  hold  sway  for  many  applications  for  some  time  to  come. 

Finally  i would  like  to  thank  colleagues  within  Marconi ‘EUiott  Avionics  and  at  the  Admiralty  Under* 
water  Meapon  Establishment,  Portland  Dorset,  also  Marconi  Space  and  Defence  Systems,  Stanmore  Middlesex  for 
their  valued  contributions  to  this  paper. 
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Fig.l  Benefits  of  Strapdown  for  Underwater  Weapons  Applications  when 
Compared  with  Gimballod  Approach 
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LASER-GYRO 

STRAPDOWN  INERTIAL  SYSTEM 
APPLICATIONS 
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GREAT  NECK,  L.L  , N.  Y.  11020 


SUMMARY 


Laser-gyro  strapdown  inertial  systems  are  now  available  that  can  satisfy  a broad  range  of 
aerospace  and  marine  applications.  This  paper  describes  three  widely  different  applications: 

1.  Tactical  Air-To-Surface  Missile  Midcourse  Guidance 

2.  Shipboard  Fire  Control  Attitude  Reference 

3.  Aircraft  htertlal  Navigator 

Mission  requirements,  system  configuration,  alignment  techniques,  and  existing  hardware  and  software 
are  delineated  for  each  application.  Error  analysis,  simulation,  and  test  data  are  presented  which 
clearly  demonstrate  the  capability  of  the  laser-gyro  strapdown  system  to  meet  the  specific  application 
requirements. 

1.  INTRC»UCTION 


Laser  gyro  strapdown  inertial  systents  are  beginning  to  be  used  in  a broad  range  of  aerospace 
and  marine  applications.  This  paper  focuses  on  three  of  these  applications; 

(1)  Tactical  Air-To-Surface  Missile  Midcourse  Guidance 

(2)  Shipboard  Fire  Control  Attitude  Reference 

(3)  Aircraft  Inertial  Navigator 

These  particular  applications  were  selected  because  of  their  advanced  state  of  development, 
their  wide  disparity  in  component  performance  requirements,  and  their  encompassing  general  interest. 
The  tactical  Atr-To>Surface  Missile  midcourse  guidance  system  has  been  successfully  flight-tested  at 
Holloman  Air  Force  Base.  Engineering  development  models  have  been  designed  and  fabricated  for  the 
Shipboard  Fire  Control  ^stem  (U.S.  Navy  MK  16  Stable  Element)  attitude  reference,  which  likely  to 
be  the  first  operational  use  of  a laser  gyro  system.  A prototype  aircraft  inertial  navigator  has  also 
been  successfully  flight  tested  at  Holloman.  This  self-allgn  1 nm/h  navigator  requires  an  order-of- 
magnitudc  bettor  laser  gyro  performance  compared  to  the  other  applications. 

The  following  topics  are  covered  for  each  application: 

(1)  Typical  Mission  Profile 

(2)  Mission  Requirements 

(3)  System  Functional  Block  Diagram 

(4)  System  Operating  Modes  - Alignment  Technique 

(5)  Specific  System  Synthesis  - Hardware  Description  and  Strapdown  Software  Description 

(6)  System  Performance  Analysis  and  Error  Propagation  Relationsh^u  * Inertial  Component 
Error  Models 

f7)  Test  and/or  Simulation  Results 

There  are  certain  common  elements  t-nsoclated  with  each  application.  These  are  treated  pri- 
marily in  the  first  application  in  which  they  arise.  Subsequent  applications  refer  back  to  the  earlier 
discussions. 

Noteworthy  concepts  and  orntrlbuttons  and  critical  parameter  areas  for  each  application  are 
pointed  out. 


2.  TACTICAL  AIR-TO-SURFACE  MISSILE  MIDCOCRSE  GUIDANCE  APPLICATION 


f o Ring-laser-gyro  strapdown  systems  are  now  available  in  small-size  low-cost  configurations 

with  performance  capabilities  suitable  for  many  air-to-surface  missile  midcourse  guidance  applications. 
This  fact  has  been  conclusively  demonstrated  at  Holloman  Air  Force  Base  by  successful  flight  tests  of  a 
tactical  missile  guidance  system  developed^  U.  S.  Air  Force/Lockheed  Missiles  and  Space  Co.  using  a 
Sperry  SLIC-15  htertial  Measurement  Unit“ '. 

This  section  describes  a typical  tactical  Air-to-Surface  Missile  mission  application  and  the  key 
features  of  the  laser-g3rro  strapdown  system  that  can  satisfy  mission  requirements.  Selected  Holloman 
flight  test  results  are  presented. 

2. 1 Typical  Mission  Profile  and  Requirements 


A typical  air-launched  tactical  missile  mission  is  sketched  in  Figure  1.  The  str^own  inertial 
system  must  provide  suitable  "basket"  navigation  accuracy  during  missile  flight  so  that  the  terminal  or 
midcourse  fix  sensor  can  capture  the  target  or  the  scene  within  the  reference-map  dimensions,  hdtial 
velocity  and  Initial  position  ^ta  are  provided  by  the  mother-aircraft  master  navigation  system  prior  to 
launch.  The  avalUdiility  of  this  aircraft  reference  data  and  the  time  duration  of  captive  fli^t  enables  the 
missile  inertial  system  to  be  leveled,  aligned,  and  calibrated  en  route  to  the  target  area  utilizing  the  air- 
craft reference  data.  This  greatly  minimizes  the  Inertial  component  performance  requirements  of  the 
missile  inertial  system. 

The  missile  Inertial  system  also  provides  pointing  and  stabilizing  data  to  the  fix  sensor  and  body 
rates,  body  accelerations,  and  attitude  data  for  flight  control  purposes.  The  missile  inertial  system 
could  also  provide  missile  altitude  information.  In  aj^Ucatlons  where  this  is  not  accurate  enough,  a 
separate  altimeter  sensor  is  utilized  in  conjunction  w^  the  inertial  system. 

For  accuracy  analysis  purposes,  a typical  guided  glide  bomb  trajectory  after  launch  is  depicted 
in  Figure  2.  In  this  case,  terminal  fixing  begins  10  minutes  after  launch,  followed  by  a terminal  maneu- 
ver to  the  target. 

Lockheed  specifications  for  the  U.  8.  Air  Force  Radiometric  Area  Correlation  Guidance  flight 
test  program  were  3000  feet  rms  per  axis  after  10  minutes  of  inertial  flight,  following  a 15  minute  align/ 
calibrate  period  prior  to  launch.  This  was  taken  to  require  much  tighter  position  errors  at  shorter 
times  of  fU^  following  launch,  for  use  of  a mldcnurse  position  fix,  and  for  position  buUd-iq)  between 
fixes. 


Accuracy  analyses  of  typical  tactical  Air-to-8urface  Missile  missions  have  been  performed 
which  result  in  the  approximate  set  of  tnertiat  system  re(iulremeirts  shown  in  Table  1.  Many  missions 
can  be  satisfied  with  lesser  requirements.  One  point  worth  noting  from  Table  1 Is  that  azimuth  bias 
drift  is  nowhere  near  as  Important  an  error  contributor  as  horizontal  axis  bias  drifts.  Additional  In- 
formation on  tactical  missile  Inettlal  system  requirements  can  be  obtained  from  References  2 and  3. 

TABLE  1 

INERTIAL  SYSTEM  ACCURAClf  REQUIREMENTS 
TO  SATISFY  MOST  TACTICAL  A1R-TO.SURFACE  MISSILE  MISSIONS  (Is ) 

Laser-Gyros 

Residual  bias  drift  (after  tn-alr  align/calibrate) 


Horizontal  Axes 

0.1 

> 

Vertical  Axis 

1.0 

Vh 

Random  White  Noise  Drift 

0.03 

°</h 

Random  Markovian  Drift  (1  UR  a>rrelatloo  Time) 

0.1 

“A 

Scale- Factor  Stability 

200 

PPM 

Scale- Factor  Asymmetry 

10 

PPM 

Accelerometers 

Bias  StablUty 

ISO 

14 

Scale- Factor  Stability 

500 

PPM 

Initial  Tilt  per  Axis 

0.4 

MIN 

hdUal  Azimuth 

10 

wSt 

Initial  Velocity  per  Axis 

1.5 

ft/a 

Initial  Position  per  Axla 

200 

ft 

2.2  System  Functional  Block  Diagram 


Figure  3 Is  a functional  block  diagram  of  a strapdown  missile  guidance  system.  The  stran- 
down  laser  gyros  and  accelerometers  with  associated  electronics  provide  body  an^lar  and  velocity  in- 

anH  f digital  microcomputer.  Tlie  computer  performs  the  functions  indicated  to  yield  velocity 

and  position  information  for  navigation  and  guidance.  ^ 


2.3  System  Operating  Modes  - Alignment  Techniques 

As  shown  in  Figure  1,  a typical  air-launched  tactical  missile  inertial  system  will  have  three 
basic  operating  modes: 


(1)  Ground  coarse  align  and  checkout 

(2)  Married  flight  fine  align 

(3)  Missile  flight  navigation 


The  IMU  itseU  has  only  one  operating  mode.  The  differences  in  the  inertial  system  modes  all 
take  place  in  the  computer  via  the  software  program. 

2.3.1  Ground  Coarse  Align  and  Checkout  Mode 

Depending  on  the  time  available  on  the  ground  before  takeoff,  a coarse  leveling,  alignment,  and 
gyro  bias  calibration  is  performed  and  a rough  checkout  of  the  IMU  is  accomplished.  One  approach, 
used  in  the  Sperry  Gyroscope  Division  laboratory,  is  as  follows.  A simple  Kalman  filter  approach, 
used  in  the  Holloman  flight-test  program,  is  described  later  under  in-alr  align. 


The  Euler  Parameters  are  first  initialized  approximately  from  operator-inserted  values  of 
aircraft  heading,  pitch,  and  roll  angles.  They  are  then  updated  from  integration  of  gyro-measured 
body  angular  increments  and  corrected  (leveled  and  aligned)  by  means  of  the  velocity  difference  and 
azimuth  difference  feedback  loops  shown  in  Figure  4. 

Any  tendency  of  the  velocity  and  azimuth  differences  to  keep  building  up  is  assumed  to  be 
caused  by  gyro  drifts.  The  angular  correction  information  is  summed  over  a 3-rninute  time  period, 
and  a least  squares  filtering  (smoothing)  is  performed  to  yield  a best  estimate  of  the  gyro  bias  drifts 
over  that  period.  These  bias  corrections  are  then  inserted  as  a calibration  of  the  gyro  drifts.  H 
more  time  is  available  on  the  ground  the  bias  calibrations  will  be  repeated  ^very  3 minutes  until  take- 
off. 


The  best  available  true  heading  from  the  aircraft  is  utilized  as  the  heading  reference  during 
this  mode.  This  could  be  a magnetic  flux  valve  or  the  aircraft  IMU  (which  is  presumably  performing 
its  own  self-.alignment  at  this  time).  Including  flexure  and  boresighting  errors,  the  magnetic  heading 
reference  should  be  accurate  to  better  than  2 degrees  and  the  aircraft  IMU  reference  accuracy  might 
approach  30  minutes  of  arc.  Sperry  has  performed  a computer  analysis  of  a ground-align  mode  similar 
to  this,  assuming  a 2-degree  heading  reference  with  15-minute  of  arc  white-noise  disturbances  and 
SLIC  15  RLG/Q-Flex  accelerometer  performance.  (A  Kalman  filter  was  employed  in  place  of  the 
least-squares  filter. ) The  results  are  depicted  in  Figure  5.  It  is  observed  that  after  about  3 minutes 
of  time,  the  inertial  system; 

(1)  Is  leveled  to  about  0. 5 minute  of  arc  per  axis  (strongly  balanced  against  horizontal 
accelerometer  biases) 

(2)  Is  aligned  in  azimuth  to  the  accuracy  of  the  azimuth  reference 

(3)  Has  its  equivalent  North-axis  drift  calibrated  to  about  0. 15  degree  per  hour  (determined 
by  white  noise  random  drift  smoothing  capability  in  3 minutes) 

(4)  Has  its  equivalent  East-axis  drift  calibrated  in  balance  against  the  heading  offset,  accord' 
ing  to 

= fig  cos  X 6H 

The  improperly  resolved  coordinate  frame  rate  (earth  rate)  is  balanced  against  a bias 
drift  to  keep  the  leveling  loops  happy.  This  is  about  0. 3 degree  per  hour  at  45  degrees 
Latitude  for  5 H = 2 degrees 

(5)  Has  its  equivalent  azimuth  drift  slowly  being  calibrated  (determined  by  the  white-noise 
heading- variation  smoothing  capabil*ty  in  the  time  available). 

The  equivalent  vertical  acceleration  bias  can  also  be  calibrated  on  the  ground,  utilizing  the 
knowledge  that  vertical  velocity  equals  zero. 


r 


IMU  will  also  be  checked  out  automatlcaUj  during  this  ground  period.  Malfunction  Indi- 
e provided  if  any  of  the  following  exceed  a predetermined  test  tolerance: 

Deviation  of  pitch  and  roll  angle  from  nominal  values 

Measured  value  of  one  g acceleration 

Amplitude  of  error  signals  in  leveling  loops 

Amplitude  of  gyro  bias  corrections  

Various  built-in-test  equipment  (BITE)  measurements 
Component  temperatures 
2.3.2  Married  Flight  Fine  Align  Mode 

When  the  aircraft  is  ready  for  takeoff,  the  inertial  system  shifts  to  an  In-alr  alignment  mode. 
For  a least-squares  filter  approach,  this  is  similar  in  many  respects  to  the  ground-alignment  mode 
(see  Figure  4).  A sub-optimal  Kalman  filter  approach  is  described  at  the  end  of  this  subsection. 

During  married  flight,  the  master  navigator  in  the  aircraft  is  used  to  provide  velocity,  posi- 
tion, and  heading  references  in  place  of  the  known  zero  velocities  and  other  Information  used  on  the 
ground.  The  velocity  differences  and  azimuth  difference  are  utilized  in  much  the  same  way  as  in 
ground  align  to  maintain  the  inertial  system  leveled,  aligned,  and  calibrated.  Lever-arm  corrections 
are  applied  to  the  reference  velocities  to  account  for  translaUon  velocity  differences  due  to  distances 
between  the  master  navigator  and  the  missile  inertial  system. 

This  simple  alignment  arrangement  will  work  out  fairly  well  for  obtaining  accurate  leveling 
and  accurate  calibration  of  the  equivalent  North  and  East  gyro  bias  drifts  (East  drift  again  being 
balanced  against  heading  offset),  assuming  that  there  are  long  enough  stretches  (several  0. 5-minute 
periods)  of  approximately  straight  and  level  flight.  Highly  maneuvering  situations  will  be  sensed  and 
the  alignment  loops  will  be  opened  up  during  those  times. 

Because  of  flexures  and  boresight  variations  between  the  master  navigator  in  the  aircraft  and 
the  missile  IMU,  the  azimuth  aiignment  obtained  by  azimuth  matchbig  will  probably  be  no  better  than 
30  minutes  of  arc,  and  the  calibration  of  the  azimuth  gyro  drift  will  probably  be  no  better  than  0. 5 
degree  per  hour. 

Another  possible  heading  alignment  technique  is  an  inflight  gyrocompassing  of  the  missile  IMU. 
However,  the  gyro  drift  performance  of  a low-cost  IMU,  even  if  0, 05  degree  per  hour,  would  contri- 
bute 17  minutes  of  arc  heading  error  in  such  a gyrocompassing  operation.  Furthermore,  any  boresight 
errors  between  the  velocity  reference  and  the  IMU  come  into  play  if  one  tries  to  avoid  problems  in 
westerly  flight  wiiere  longitude  rate  approaches  earth  rate.  These  boresight  errors  are  precisely  what 
we  are  trying  to  avoid  by  resorting  to  an  alternative  alignment  technique. 

There  Is  only  one  known  method  for  achieving  an  accurate  heading  alignment  without  adding 
additional  equipment  in  the  missile.  This  is  to  perform  a velocity  change  match,  requiring  a small 
aircraft  maneuver.  An  accuracy  analysis  of  this  technique  shows  that  heading  alignment  appioaching 
the  accuracy  of  the  reference  heading  of  the  aircraft  system  can  be  achieved. 

The  aircraft  flies  a slightly  offset  course  so  that  it  can  make  a turn  of  20  to  30  degrees  shortly 
before  launch  (or  fly  an  "S"  manuever).  During  the  turn,  the  feedback  from  the  aircraft  IMU  is  cut  off. 
Following  the  turn,  the  feedback  is  resumed  and  the  new  velocity  differences  are  used  to  compute  an 
azimuth  correction.  A heading  error  ( 6H)  causes  a velocity  error  perpendicular  to  the  A V change 
occurring  during  the  maneuver.  This  measured  velocity  difference  is  utilized  to  correct  the  6 H.  As 
previously  stated,  the  5 H offset  was  correlated  with  East  gyro  drift,  so  that  East  gyro  drift  is  also 
corrected  as  a result  of  the  manuevers.  Then,  the  missile  vertical  errors  are  again  quickly  damped 
out  using  the  velocity  and  position  feedback  prior  to  launch. 

A second  aircraft  manuever  could  be  performed  if  it  were  desired  to  get  a better  calibration 
of  azimuth  gyro  drift  in  the  air.  However,  error  analysis  of  typical  tactical  missile  missions  indicate 
that  much  larger  azimuth  gyro  drift  error  can  be  tolerated  (1  degree  per  hour  or  more)  than  North  or 
East-axis  di'ifts. 

Various  automatic  checkout  and  BITE  indications  can  performed  during  the  married  portion 
of  the  flight  to  enable  a GO  or  NO-GO  decision  to  be  made  at  la\mch. 

At  the  conclusion  of  the  in-air  alignment  and  maneuver  mode  prior  to  launch,  the  missile  IMU 
should  be  leveled  to  better  than  0. 5 minute  of  arc  per  axis,  and  North  and  East  gyro  bias  drifts  should 
be  calibrated  to  about  0. 1 degree  per  hour.  Depending  on  the  accuracy  of  the  master  navigator. 


azimuth  align  to  about  6 minutes  of  arc,  azimuth  drift  to  about  0. 5 degree  per  hour,  initial  position  to 
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If  a rapid  takeoff  is  necessary,  the  inertial  system  can  start  in  the  air  in  the  fine-alignment 
mode.  The  ability  to  align,  starting  in  the  air,  provides  a quick-reaction  capability.  Of  course,  to  use 
it,  the  master  aircraft  IMU  must  have  a very  quick  reaction  ctqobility  itself. 

An  alternate  in-air  (and  ground)  alignment/calibration  )^)proach  makes  use  of  a sub-optimal 
Kalman  filter  in  place  of  the  least-squares-filter  approach  just  described.  Lockheed  personnel  devised 
a simple  six- state  (three  misalignment  angles  about  North,  East,  and  vertical  and  three  gyro  drifts 
about  the  X,  Y,  and  Z bo^  axes)  l&dman  filter  that  was  utilized  and  proven  out  in  the  Holloman  flight 
tests.  Figure  6 is  a block  diagram  of  the  Kalman  Filter  utilization.  The  flow  within  the  Kalman  filter 
is  conventional.  Estimates  of  the  six  states  are  calculated  once  every  5 seconds,  using  the  horizontal 
velocity  differences  between  the  master  and  slave  navigation  systems  as  measurements.  During  align- 
ment, the  system  is  closed-loop;  that  is,  the  misalignment  angles  and  the  gyro  drifts  estimated  by  the 
filter,  as  well  as  the  current  master  navigator  position  and  velocity,  are  eidered  as  corrections  into 
the  missile-system  software. 

As  shown  in  the  derivation  and  equations  of  this  Kalman  filter  in  Appendix  A,  the  use  of  only 
six  states  and  various  other  simplifying  assumptions  leads  to  a set  of  very  simple  relationships  and  a 
minimal  computer  burden.  The  fact  that  sevei^  important  states  (e.  g. , accelerometer  biases)  are 
not  modeled  could  lead  to  disturbances  during  the  aircraft  maneuvers  needed  for  azimuth  alignment. 
However,  this  worry  did  not  prove  to  be  serious  under  the  flight-test  conditions  used. 

2.3.3  Navigation  Mode 

The  missile  IMU  may  enter  the  navigation  mode  immediately  at  launch  or  a little  earlier,  hi 
the  navigation  mode,  the  Inertial  system  operates  exactly  as  in  the  alignment  mode  except  that  Utere  is 
no  feedback  for  external  position  and  velocity  references.  The  only  exception  is  when  fto  data  is  avail- 
able. At  this  time,  there  is  a correction  to  inertial  position  and  to  velocity,  based  on  memory  of  the 
time  of  the  last  correction.  This  allows  greater  accuracy  after  a mlda>ur8e  fix  and  makes  it  easier  to 
fly  a narrowing  basket  near  the  very  end  of  flight. 

2.4  System  Synthesis  - Hardware  Description 

The  strapdown  inertial  system  for  the  U,  S.  Air  Force  flight  test  program  consisted  of  the 
Sperry  3L1C-IS  laser  gyro  IMU  and  the  Delco  Msgic  362  computer,  integrated  together  by  the  Lockheed 
Missiles  and  ^ce  Company.  These  elements  are  briefly  described  in  the  following  sections. 

2.4.1  SUC-16  IMU  Description 

Figure  T is  a photograph  of  the  SUC-IS  IMU,  as  configured  for  the  Air  Force  RACQ  ftii^t 
test  program.  The  DiU  oonetsts  of  twe  assembllee;  a seneor  aesembly  containing  the  strapdown  laser 
gyros  and  accelerometere,  and  an  etectronica  assembly  eontalntivi  laser  gyro  control  and  slgtnal-proc- 
essing  circuits,  accelerometer  elgnal  processing  circuits,  computer  interface,  and  power-supply 
regulators.  The  etectronica  assembly  packagtry  for  the  flight  test  program  Is  a brassboard  configura- 
tion. A major  size  and  weigtd  reduction  can  be  accomplished  by  s oomblaatlon  of  hyorldtiatlon  and  the 
shifting  of  some  lubrdware  funettoos  Into  software. 

Set^or  Assembly.  The  sensor  assembly  contains  three  laser  gyros  and  three  acceterometers 
in  a unlqiue  tniegrateii  design  wherein  the  three  laser  gyros  are  machin^  Into  a single  block  of  CSR-VtT 
(low-expansion  ceramic  vitreous  material)  so  Uud  their  optical  paths  are  Interleaved.  The  basic  gyro 
features  a mo<hilar  design  approach  whtch  the  gyro  elements  (mirrors  snd  dlsdtatge  tube)  are 
separable  assemblies.  This  approach  has  been  adapted  because  of  the  lower  costs  associated  with  in- 
creased production  yield  and  service  repairabiltty. 

The  gyro  triad  oonsUts  of  three  identical  tS-lnch-pertmeter  units  mounted  on  a common  btock, 
such  that  tite  three  sensitive  axes  are  mutuaUy  orthogonal.  This  structunil  approach  significantly  re- 
duces laser  gyro  size  and  makes  a more  rugged  assembly.  The  laser-gyro-triad  volume  is  reduced  to 
less  than  half  of  what  tt  would  be  tf  single-axis  gyr^.  of  the  same  perimeter  size,  were  used. 

Additional  advantages  realized  from  this  design  are; 

(1)  Reduced  coal  - Many  single-axis  aesembly  paxla  are  eliminated  and  assembly  operations 
performed  once  suffice  for  three  gyros. 

(2)  SeMilive  axis  altouwent  and  MabtlRy  - A single  rigid  structure,  precisely  mainlined, 
orients  IW  sensitive  um  and  guuSteee  alignmcid  stability,  an  important  strapdown 
consideration. 

(3)  Efficient  ineriial  sensor  packagty  - Accelerometers  ctn  be  sccommodsted  on  the  same 
rigid  siruciuire  Wiih  no  merest  m volume.  A stogb  enclosure  ette^vely  bouses  six 
sensors;  three  gyros  and  three  scccleromelers. 


(4)  Accelerometer  sensttlve-ajrfs  alignment  and  stetbUtty  - Sharing  the  same  block  as  the 
gyros  assures  sensitive  axis  aiignmeiS  and  stability. 

The  accelerometers  selected  for  use  in  the  IMU  are  the  force  rebalanced  Q-Flex  Sundstrand 
accelerometers.  These  units  were  selected  because  of  their  proven  performance  and  low  cost. 

Figure  8 is  a photograph  of  the  sensor  assembly  with  cover  removed.  The  unit  is  7-1/2  inches 
in  diameter  by  8-1/2  inches  long,  and  weighs  approximately  20  pounds.  Factory  calibration  determines 
a sensitive-axls-allgnment  matrte,  relative  to  the  reference  surfaces,  for  computer  software  inputs. 

There  are  no  inertial  component  heaters  utilized  hi  the  SLIC-15  IMU.  Passive  thermal  com- 
pensation circuitry  is  Included  to  compensate  for  certain  gyvo  and  accelerometer  effects. 

Tables  2 and  3 list  the  current  performance  characteristics  of  the  SLIC-15  laser  gyro  and  the 
Q-Flex  accelerometer,  based  on  extensive  testing  of  many  units. 

Electronics  Assembly.  The  IMU  electronics  assembly  is  functionally  divided  into  three  malur 
areas:  ~ 


(1)  Signal  Conditioner 

(2)  Laser  Gyro  Control 

(3)  Power  Supply 

A simplified  block  diagram  is  shown  in  Figure  9. 

The  signal  conditioner  (grates  on  laser  gyro  and  accelerometer  output  signals  to  condition 
these  signals  for  multiplexing  into  the  digital  computer.  The  laser  gyro  signal  conditioning  consists  of 
pulse-forming,  bias  and  scale  factor  compensations  to  translate  gyro  output  signals  into  smled  body 
angle  inurements.  The  accelerometer  conditioning  consists  of  a pulse  converter  to  digitise  the  accel- 
erometer analog  ot^puis.  The  accelerometer  outputs  are  digital  representidtons  of  bo^  axis  incre- 
mental velocities. 
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Q-FLEX  accelerometer  CHARACTfiRlSTtCS 
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« * conditioner  also  contains  a customized  Interface  to  accommodate  gyro  and  acceler-  y*  ^ 

Trn InH  transfer  Into  the  system’s  general-purpose  computer.  Upon  address  by  KSpute“^  L ' / 

gy  o and  accelerometer  angle  and  velocity  increments  are  multiplexed  in  12-bit  parallel  form  Into  the  * 
computer « 

“"trol  contains  the  circuitry  necessary  for  satisfactory  operation  of  the  three 
laser  gyros.  Each  laser  gyro  requires  the  following  three  closed-loop  control  servos: 

(1)  Optical  bias  current  regulation 

(2)  Cavity  path  length  control 

(3)  Gas  discharge  tube  current  regulation 

The  power  supply  contains  regulated  dc-to-dc  converters  for  all  of  the  primary  IMU  power  re- 
quirements. It  operates  from  an  unregulated  28-Vdc  supply.  Included  in  the  power-supply  module  is  an 
elapsed-time  meter  to  record  total  IMU  operating  hours. 

Built  into  the  electronics  assembly  is  circuitry  to  continuously  monitor  specific  key  operating 
parameters.  Reasonability  checks  are  continuously  made;  in  the  event  of  an  indicated  failure,  an  output 
discrete  is  generated  to  alert  the  digital  computer  of  the  existence  of  a possible  failure.  This  BITE  aign 
generates  a fault  isolation  Indication  that  enables  the  failed  module  to  be  immediately  identified  by  light- 
ing a light-emitting  diode.  Plug-in  replaceabillty  assures  rapid  maintenance  to  restore  the  IMU  to 
operational  status. 

The  present  electronics  assembly  consists  of  five  plug-in  circuit  modules  and  a removable 
power  supply.  The  physical  characteristics  of  this  brassboard  configuration  are  as  follows: 

Size : 8 x 9 x 7 in 

Weight:  18  lb 

Power:  85  W 

Design  studies  using  the  latest  hybridized  printed-circult-board  tG:;hniques  indicate  that  the 
electronics  and  power  supply  could  be  packaged  in  a unit  of  about  150  cubic  inches  in  size  and  weighing 
less  than  9 pounds.  In  addition  many  of  the  gyro  conditioning  functions  can  be  performed  in  software 
instead  of  hardware,  leading  to  further  size  and  weight  reductions. 

Iteliabillty  ai^  SLIC-15  IMU  is  predicted  to  have  an  exceptionally  high  reliability 

because  of  its  mecluinlcal  simplicity  and  complete  absence  of  moving  parts.  Gimbal  drives  and  con- 
ventional wheel  gyros  with  their  inherent  me<^anical  complexity  are  not  employed.  The  accelerometer 
used  is  an  extremely  simple  quartz  flex  type. 

Based  on  U.  S.  Government  standard  MIL-HDBK-217B,  the  IMU  is  predicted  to  have  a mean 
time  before-failure  of  about  7000  hours  in  a ground  environment.  Applying  stress  levels  for  aircraft 
and  missile  environments,  the  probability  of  mission  success  for  a typical  air  launched  missile  pro- 
file (20  minutes  on  the  ground,  2 hours  in  captive  flight,  10  minutes  in  free  flight)  is  a very  high  0.9978. 

Operational  experience  with  SLIC-15  units,  to  date,  has  thus  far  supported  the  excellent 
reliability  expected. 

The  confidence  in  these  reliability  predictions  is  further  enhanced  ^da  the  experience  with  the 
exceptionally  long-life  laser  tube  employed  in  this  design.  This  gas  dischai^e  tube  has  a seven  year 
history  of  operation  without  a failure.  About  50  laser  gyros  have  been  built  and  tested  in  this  period 
with  one  still  operating  after  60, 000  hours. 

2. 4. 2 Digital  Navigation  Computer 

The  digital  computer  used  in  the  flight  test  program  was  a standard  production  model  Magic 
362  built  by  Delco  Electronics  and  used  in  the  Carousel  series  of  Inertial  navigation  systems.  S was 
selected  for  this  test  program  because  of  its  proven  capability  and  adequate  performance  capacity. 

There  have  been  significant  advances  in  the  computing  state-of-the-art  over  the  last  few  years,  and  any 
production  tactical  missile  strapdown  guidance  system  would  utilize  the  most  modern  microcomputer 
available. 

2.5  System  Synthesis  - Strapdown  Software  Description 

An  optimal  set  of  strapdewn  algorithms  has  been  synthesized  for  use  with  the  SLIC-15  IMU. 

The  algorithms  employed  convert  body-axes  angular  and  velocity  increments  into  earth-reference-frame 
velocity  increments  and.  Euler  aj^es.  t^Ensontlally,^  tte se,  algorithms. represent  Oie  adtM  oompu^aHMUd^^., 


The  basic  objectives  in  "designing”  a set  of  strapdown  algorithms  are  to  ensure  that  any  com- 
putational errors  introduced  are  within  allowable  bounds  and  to  minimize  the  time  and  memory  burden 
on  the  computer  employed.  The  Sperry  strapdown  configuration  and  algorithms  satisfy  these  basic 
objectives. 

The  strapdown  computational  flow  is  shown  in  Figure  10.  For  the  U.  S.  Air  Force  flight -test 
program  and  the  Delco  Magic  362  computer,  a basic  computational  rate  of  25  per  second,  with  front-end 
operations  at  100  per  second  and  50  per  second,  was  utilized.  For  more  modern  higher-speed  com- 
I aters  such  as  the  Sperry  SP-2000,  the  algorittos  are  performed  at  twice  these  rates. 

At  the  25  per  second  rate,  the  computational  errors  are  an  equivalent  drift  rate  of  under  0.  Oo 
degree  per  hour  and  an  equivalent  acceleration  of  less  than  50  ^g  for  severe  angular  rate  and  coning 
inputs.  The  algorithms  require  only  about  1500  words  and  20  percent  of  the  time  capacity  of  the  Delco 
Magtc  362. 

The  following  are  some  of  tiio  koy  features  incorporated  into  the  strapdown  computation: 

(1)  Four-parameter  (quaternion)  attitude  representation 

(2)  Simplified  third-order  Taylor  series  attitude  integration  including  noncommutativity  terms 

(3)  First-order  extr^qiolation  of  coordinate  frame  rate  transformation 

(4)  Orthonormalization  of  attitude  matrix 

(5)  Coriolis  rotational  corrections  to  body  velocity  Increments 

(6)  High  speed  incremental  direction  cosine  integration  to  yield  higher  rate  attitude  data 

(7)  Double-precision  or  unbiased  round-off  where  appropriate 

(8)  High-speed  body  rate  and  acceleration  outputs  for  flight  control 

An  Independent  assessment  of  these  algorithms  was  made  by  the  Charles  Stark  Draper 
Laboratory  where  it  was  shown  that  coning  motion  errors  were  equivalent  to  standard  third-order 
quaternions  being  performed  at  twice  the  computing  s^ed. 

There  are  several  "unconventioiml”  technic^es  employed  in  this  set  of  algorithms  that  ore 
worth  noting.  Credit  for  development  of  most  of  these  techniques  is  due  to  Dr.  Bernard  Schwarts  of 
%)erry  Gyroscope  Division. 

It  may  be  observed  from  the  computational  flow  diagram  that  there  is  no  "rate  extraction” 
module.  This  Is  accomplished  by  using  a 2:1  speed  ratio  between  the  gyro  inputs  and  Ute  quaternion 
U.'tcgratlon,  and  by  expressing  the  quaternion  integration  In  terms  of  Utc  "half”  angular  Increments 
diiectly  (Instead  of  using  angular  rates). 

The  techni'^m  of  performing  Coriolis  body  rotaltonal  corrections  on  the  body  velocity  Incre- 
ments is  also  unique.  These  corrections  are  required  to  compensate  for  the  fact  that  the  bo^  may  be 
rotating  during  the  Integration  interval  when  the  vebcity  Increments  were  being  accumulated.  The  need 
for  these  corrections  and  a derivation  of  the  rotation  correction  terms  to  the  third  order  are  presented 
In  Appendix  D. 

For  those  applications  requiring  accurate  attitude  information  at  a faster  output  rate  than  26 
times  per  second  (e.g.  for  fix  sensor  pointing  without  smearing),  a special  fine/coarse  Incremental 
direction  cosine  tritegratlon  technique  is  performed  as  observed  In  Figure  10.  Thus,  to  yield  100  per 
second  attitude  data,  gyro  irputs  are  taken  in  at  this  rate,  rotated  (without  certain  corrections), 
Integrated  in  a simple  single-precision  first-order  direction  cosine  update  routine  at  a lOO-per-seoond 
rate.  Every  fourth  period  (2$  per  second),  the  Incremental  integration  routine  is  retnitiatiaed  from 
the  very  accurate  higher-order  attitude  itdegralion  normally  taking  place.  Accurate  direction-cosine 
data  Is  then  available  at  a tOO-per-second  rate.  This  incremental  parallel  path  a(gsroach  adds  only 
about  US  words  and  6 percent  of  time  to  the  basic  strapdown  computing  bur^n.  IMs  was  found  to  be 
much  more  efficient  and  flexible  than  high-order  extrapolation  setomes  or  a direct  increase  in  the 
basic  attitude  update  speed. 

This  set  of  strtqxiown  algorithms  has  not  only  been  successfully  programmed  by  Lockheed  on 
the  Delco  Magic  362  computer,  but  also  by  %)erry  on  an  Merdata  70  computer  and  on  an  SP-lOOO 
computer  (at  twice  the  speed). 

Ttw  digital  computer  software  also  contains  conventional  navigation  routlnea,  which  will  not 
be  detailed  here,  and  the  allgn/callbration  Alman  filter  wh^ch  was  described  in  Jetton  2.3. 


2.6  System  Performance  Analysis 


An  error  analysis  of  the  SLIC-15  laser  gyro  strapdown  inertial  system  was  performed  for  a 
typical  guided  glide-bomb  mission.  The  error  propagation  relationships  and  the  resultant  positional 
errors  are  presented  in  Table  4.  The  mission  trajectory  depicted  in  Figure  2 was  empbyed  for  the 
error  analysis. 


TABLE  4 

ERROR  ANALYSIS  FOR  ASSUMED  GLIDE  BOMB  MISSION 
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For  simplicity  of  analysis,  the  glide  bomb  flight  was  assumed  to  be  due  East  at  a latitude  of 
45  degrees.  Tbe  velocity  was  approximated  to  be  linearly  decreasing  with  time  according  to 

(Vgg  = 820  - 0.5t) 

An  average  Vq£  of  670  feet  per  second  was  employed  for  certain  error  coefficients. 

Mtial  position  was  assumed  to  be  obtained  from  the  mother-ship  navigation  system. 

hiitial  velocity  and  initial  vertical  alignment  and  "horizontal"  gyro  bias  calibration  were 
assumed  to  be  performed  by  means  of  a velocity  matching  to  the  mother-ship  navigation  system  during 
a leveling  mode,  hiitial  azimuth  was  assumed  to  be  obtained  by  a vebcity-change  matching  to  the 
mother- shty  navigation  system  during  a special  turn-alignment  mode. 

A simplified  error  flow  diagram  for  this  mission  is  depicted  in  Figure  11.  For  the  10-minute 
flight  time,  errors  propagate  approximately  in  an  "open- loop"  fashion,  even  though  the  Inertial  system 
is  Schuler-tuned.  This  is  because  the  84-mlnute  period  Schuler  loop  and  the  several  hour-period 
earth  loop  have  not  had  time  to  cause  feedback  effects  on  error  propagation  to  come  into  play.  Sub- 
stitution of  t ^10  minutes  in  the  more  exact  Schuler-loop  propagation  relationships  will  confirm  this 
fact. 

The  major  error  sources  are: 

(1)  Various  gyro  errors  that  either  measure  body  motions  incorrectly  or  cause  drift  rate 
(giving  a body  motion  indication  when  none  exists).  These  error  sources  will  produce 
attitude  errors  that  build  up  with  time.  These  errors  in  turn  cause  the  accelerations 
being  measured  to  be  tran^ormed  improperly  from  body  axes  to  earth  coordinates.  This 
means  that  vertical  acceleration  (Ig)  components  will  appear  in  the  horizontal  accelera- 
tion outputs,  and  an  East  acceleration  output  will  appear  on  the  North  acceleration  output 
(cross-coupling  effects)  and  vice  versa.  This  is  directly  analogous  to  a gimballed  system 
where  the  accelerometer  platform  is  tilted  off  of  a true  vertical  and  misaligned  in  azimuth 
from  a desired  direction.  In  this  case,  a "phantom"  platform  exists  in  the  strt^pdown 
computer.  The  incorrect  earth-referenced  velocity  increments  are  then  Integrated  into 
incorrect  velocities  and  position. 

(2)  Various  accelerometer  measurement  errors  that  are  Integrated  into  velocity  and  position 
errors. 

(3)  Initial  condition  errors: 

(a)  Initial  position  primarily  yields  a direct  position  error. 

(b)  Initial  velocity  primarily  Integrates  into  position  errors. 

(c)  Initial  attitude  matrix  errors  (analogous  to  initial  vertical  tilts  and  Initial  a-  luth 
misalignment)  in  addition  to  direct  attitude  errors  cause  an  improper  trans.  matlon 
of  accelerations  into  earth  coordinates  (cross- oHipUng  of  Ig  into  East  and  North, 
cross-coupling  of  East  acceleration  into  North  and  vice  versa).  These  incorrect 
earth  referenced  vebclty  increments  then  Integnde  into  veloctty  and  position  errors. 
A secondary  effect  of  an  Incorrect  attitude  matrix  is  to  incorrectly  transform  the 
coordinate-frame  rates  into  body  axes.  This  is  analogous  to  improper  "torquing" 

in  a glmbal  system. 

(4)  computing  errors.  Each  of  the  computing  blocks  shown  in  Figure  11  can  contribute  to 
attitude  or  positton  errors,  or  both,  because  of  inexact  computations.  The  computations 
are  Inexact  because  of  truncation  errors  (use  of  Inexact  or  limited-order  algorithms), 
round-off  errors  (finite  word-length),  senescence  errors  (computing  time  tag),  sampling 
time  effects  (computing  cycle  time  is  not  zero),  and  quantlzatiM  errors  (increments  are 
not  Infinitesimal). 

(6)  Mounting  and  boresight  errors.  Any  structural  misalignments  between  the  inertial-sensor 
assembly  and  the  vehicle  reference  axes  will  contribute  to  output  attihide  errors.  They 
will  not  cause  spy  navigational  errors. 

In  a lO-minute  tree-flight  navigation,  a position  CEP  of  less  than  1600  feet  results. 

Figure  12  depicts  the  posltlooal  error  build-up  with  time  for  the  SLIC-15  system,  without 
and  with  a positional  update. 


If  a fix  is  made  near  the  middle  of  the  missile  flight,  it  can  be  shown  that: 

(1)  Corrections  can  be  made  to  the  position  errors  existing  at  the  time  of  the  fix  to  the 
accuracy  limits  of  the  position  fix. 

(2)  Corrections  can  be  made  to  the  "average"  velocity  error  that  existed  from  the  time  of 
launch  to  the  time  of  the  fix,  to  the  limits  of  the  position  fix  error  divided  by  the  time  to 
the  fix. 

(3)  Corrections  to  gyro  bias  drift  or  other  individual  error  sources  are  not  fruitful  for  the 
error  magnitudes  utilized. 

As  can  be  observed  from  Table  4,  the  requirements  on  azimuth  gyro  drift  are  much  less 
stringent  than  on  residual  horizontal  axes  drift.  This  is  fortunate,  since  azimuth  gyro  drift  is  much 
more  difficult  to  calibrate  during  In-air  alignment.  The  very  small  error  contribution  due  to  Initial 
azimuth  listed  in  Table  4 is  somewhat  misleading,  h results  from  a subtraction  of  dependent  errors 
for  a due  East  flight  at  45  degrees  latitude.  For  example,  the  net  error  due  to  10  minutes-of-arc  Initial 
azimuth  for  a similar  due  West  flight  at  45  degrees  latitude  is  330  feet  crossrange.  Initial  azimuth 
error  propagation  is  also  more  significant  for  those  powered  tactical  missiles  that  have  a large  accelera- 
tion alter  launch. 


It  is  also  noted  that  gyro  scale-factor  errors  and  misalignment  errors  are  not  listed  in  Table  4. 
This  is  because  of  their  negligible  effect  for  the  nonmaneuvering  missile  profile  employed  in  the  error 
analysis.  Fairly  tight  specifications  for  these  error  sources  should  be  maintained  to  achieve  good  In- 
air  alignment-maneuver  results,  to  minimize  the  effects  of  coning  motions  and  vehicle  perturbation, 
and  to  minimize  the  effects  of  any  maneuver  angular  changes  that  might  occur  on  other  missile  missions. 

Thus,  for  a circular  coning  motion  of  half-cone  angle  a and  radian  frequency  a,  the  rectified 
coning  drift  due  to  a scale  factor  error  can  be  shown  to  be 

r,  » to 

h?  2 

For  a 2-degree  1«HZ  coning  motion,  a Sgp  of  0. 01  percent  yields  a drift  rate  of  0. 08 
degree  per  hour. 

Scale-factor  symmetry  is  especially  important  if  vehicle  perturbations  are  taking  place.  One  of 
the  major  advantages  of  laser  gyro  s^sors  is  that  they  have  inherent  scale-factor  symmetry.  If  there 
is  an  oscillation  of  angle  a with  radian  frequency  (■> , the  rectified  drift  rate  due  to  scale-factor  dif- 
ference, ksf  - ksf  . can  be  shown  to  be 


• ‘'SF-^ 

For  a 2-degree  1-HZ  perturbation,  an  0. 001  percent  scale  difference  results  In  a drift  rate  of 
0. 144  degree  per  hour. 

2.7  Test  Data 


Table  5 is  a summary  of  typical  test  data  on  the  SLIC-15  MU  units  at  ^rry  prior  to  or  during 
acceptance  testing  and  at  Holloman  Mr  Force  Base.  These  data  Indicate  performance  well  within 
acceptance  test  specification  and  close  to  that  predicted. 

One  of  the  most  severe  tests  of  a strapdown  system  is  navigation  under  a coning  motion  (sim- 
ultaneous sinusoidal  motion  In  two  axes,  90  degrees  out  of  phase  with  each  other).  This  type  of  Input 
exercises  gyro  scale-factor  and  linearity  (Including  polarity  symmetry)  errors,  accelerometer  sice- 
effect  error,  and  computational  noncommutatlvlty  errors,  as  well  as  most  of  the  other  error  sources. 
The  test  results  shown  In  Table  5 confirm  good  strapdown  performance  of  both  the  Inertial  sensors  and 
the  software  algorithms. 

The  purpose  of  the  Holloman  flight  tests  was  to  prove  out  the  simplified  Kaimsn  filter  In-alr 
align  technique,  as  well  as  to  verify  missile  system  navigation  performance.  Various  In-alr  maneuver 
patterns  tfour  S-tums,  three  S-tums,  two  8-tums  with  different  periods  of  strain  and  level  flight 
after  the  last  maneuver)  and  alignment  times  were  tried  out.  Post  launch  heading  changes  and  altitude 
descents  were  also  tried  out.  The  rms  performance  was  well  within  specification  In  all  cases.  A 
10-mlnute  In-alr  alignment  time  with  two  S-tums  was  found  to  be  more  than  adequate. 

The  10  August  1076  flight  test  runs  utilized  a S-mlnute  straight  and  level  period  following  the 
last  S-tum  maneuver  prior  to  laundi.  This  enables  maneuver  Induced  effects  due  to  any  unmodeled 
filter  states  to  settle  out  before  launch  and  yields  optimum  system  performance.  Best  estimates  of 
resident  leveling,  alignment,  and  calibration  errors  achieved  by  the  SLIC-15  system  using  the  In-alr 
allfoment  Kalman-tUter  tectolque  for  the  alx  tune  of  10  August  1978  were: 


I 


s 0.74  min  rms 

eAO  = 0. 61  min  rms 

ecjdy  “ 

5.88  min  rms 

°/h 

°/h 


TABLE  5 

SLIC  15  IMU  TEST  RESULTS 


NAV.  ERRORS  AT  END  OF  10  MINUTES 
(FOLLOWING  16  MIN.  WARMUP  & 16  MIN.  AUGN/CAL. ) 
EXCLUDING  INITIAL  POSITION  AND  INITIAL  VELOCITY  ERRORS 


North  Distance 
(Ft) 

East  Distance 
(Ft) 

Acceptance  Test  l^c  (RMS) 

3000 

3000 

! 

For  guided  glide  bomb 
application 

Accuracy  Analysis 

Prediction  (RMS) 

1100 

1100 

Based  on  predicted 
gyro  performance 

Static  RMS  of  4 Runs 

1374 

1394 

S/N  004  - 12/17 As 

30  minutes  off  between 
runs 

Scorsby  Ooning  Motion 

RMS  of  6 Runs 

1669 

2372 

S/N  003  - lO/lAS 
±2.1®,  1 Hz 

Random  Vibration 

RMS  of  5 Runs 

1386 

1095 

S/N  003  - 10/1A5 
2gRMS 

20-2000  Hz 

Elev.  Temp.  RMS 
of  7 Runs 

2344 

2176 

8/N  003  - 10/23-24A6 
During  +60°F  Temp. 
Rise 

FLT  Test  RMS  of 

6 Runs 

1469 

958 

S/N  004  8/10A6 

In  Cl  41  at  Holloman 
AFB 

•FLT  Test  RMS  of 

47  Runs 

2547 

1618 

S/N  004  June  1977 

In  Cl  41  at  Holloman 
AFB 

^Includes  some  runs  with  10>mlnute  Align/Callbrats,  and  some  runs  with  30  degree  heading  change 
after  'launch'*. 


Certain  straightforward  Improvements  could  yield  Improved  performance  to  that  demonstrated 
in  Thble  6,  without  requiring  any  chuges  to  the  basic  Inertial  components.  For  the  flight-test  program, 
a veloclty-tnorement  resolution  of  2*^  ft/s/pulse  was  employed  In  the  accelerometer  dlglttalng  electronics. 
Designs  are  now  available  that  can  rive  ft/s/pulse  and  better  over  the  same  acceleration  range.  For 
a 6-8econd  sample  time,  the  2-^  ft/s/pulse  resolution  yields  rms  equivalent  tilts  of  0.76  mlnutes-of-arc. 
Sperry  had  Intended  to  use  an  effective  sampling  time  of  about  20  seconds  for  the  leveling  mode  (this 
was  employed  In  the  Sperry  factory)  to  reduce  this  error.  Improving  the  velocity-increment  resolution 
by  four  times  to  2*0  ft/s/pulse,  which  Is  readily  achievable,  should  make  for  a significant  improvement 
In  leveling  alignment  and  overall  system  performance. 

The  sue- 15  flight-test  units  contained  certain  limited  inertlal-oomponent  temperature  com- 
pensations in  hardware.  Later-designed  ^rty  systems  have  more  sophisticated  compensations  per- 
formed In  the  computer  software  that  will  maintain  better  inertlal-oomponent  performance  with  eiUter 
internally  generated  or  externally  generated  temperature  varl^ns. 

The  advances  In  computing  speeds  and  reductions  In  computing  memory  costs  now  enable  a 
more  exact  alignment  Kslman  filter  to  be  synthesised.  The  addition  of  certain  states,  such  as 
acceleromuter  biases,  should  yield  Improvements  In  maneuver  alignment,  with  possible  reduced  align- 
ment time. 


2, 8 SLIC-7  Laser  C^ro  Inertial  Guidance  System 


Many  tactical  missile  missions  have  shorter  flight  times  or  more  frerj  ient  position  updates 
than  those  discussed  here.  It  is  also  highly  desirable  to  have  a smaller  size  system  for  many  of  tliese 
missiles.  Sperry  is  presently  developing  a mhiiature  SLIC-7  Laser  Gyro  Strapdown  fiiertial  Guidance 
System  that  is  suitable  for  those  applications  W. 
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Figure  1.  Typical  Mission  Sequence 
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Figure  3.  Laser  Gyro  Strapdown  System 
FunoHonal  Block  Diagraoo 
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Figure  4.  Leveling,  AUgnmenl,  and  Calibration 
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Figure  8.  SLIC-15  Sensor  Assembly 
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Figure  9.  Electronics  Assembly  Block  DUgram 


Figure  10.  Strapdown  Computatlonil  Flow 
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Figure  la.  CEP  Position  Error  Without  and 
With  a Mid-Course  FIs 


3.  SHIPBOARD  FIRE-CONTROL  ATTITUDE -REFERENCE  APPLICATION 


A large  number  of  U.  S.  Navy  shipboard  gun  fire-control  systems  presently  contain  an  attitude 
reference  unit  known  as  the  MK  16  Stable  Element  to  provide  stabilization  data  (either  ship  pitch  and 
roll  or  level  and  cross- level)  to  the  gun-laying  computer.  The  present  Stable  Element  utilizes  conven- 
tional gyros , gimbals , and  various  electromechanical  components.  Sperry  has  developed  under  U.  S. 
Navy  sponsorship  an  all  solid-state  strapdown  laser-gyro  MK  16  replacement  that  is  much  more  reliable, 
much  more  maintainable,  more  accurate,  and  much  more  flexible  than  current  Stable  Element  units.  K 
sea  trials  of  the  engineering  development  models  are  successful,  the  laser-gyro  unit  will  be  retrofitted 
into  the  fleet.  This  could  represent  the  first  large  production  application  of  laser  gyro  systems. 

This  section  describes  the  laser-gyro  MK  16  MOD  11  Stable  Element'  , delineates  its  key 
features  (such  as  a 14-state  Kalman  filter),  and  presents  performance  analysis  and  test  results  vis  a 
vis  mission  requirements. 

3. 1  MK  16  Stable  Element  Mission  and  Requirements 


The  MK  16  Stable  Element  receives  ship  longitudinal  velocity  from  the  ship  log,  ship  heading 
from  the  ship  compass,  and  train  from  the  gun  director.  Utilizing  its  own  Inertial  references,  the 
Stable  Element  must  then  provide  continuous  ship  pitch  and  roll  (or  level  and  cross- level)  stabilization 
data.  Accuracy  requirements  are  1. 5 mlnutes-^-arc  per  axis  rms  at  sea,  in  the  face  of  ship  turning 
maneuvers,  and  within  15  minutes  of  turn-on.  It  is  also  desired  that  the  Stable  Element  compute  its  own 
earth  rates  (self-determination  of  latitude),  with  at  most  a rough  initial  latitude  input.  Information  is 
to  be  provld^  in  synchro  format  and  on  a digital  display.  Self-test  and  fault  localization  to  a replaceable 
assembly  are  required  maintenance  features. 

The  Stable  Element  is  continually  operating  in  a closed- loop  leveling,  alignment,  calibration 
mode  similar  to  that  described  in  Section  2. 3.  Accuracy  analyses  of  these  loops  employing  sub-optimal 
Kalman-filter  mixing  of  the  reference  and  inertial  information  indicate  that  the  performance  capabilities 
of  the  Sperry  IS-inch-perimeter  laser  gyro  (Table  2}  and  the  Sundstrand  Q-Flex  accelerometer  (Table  3) 
at'e  satisfactory  (and  are  the  necessary  order  of  magnitude)  to  meet  the  mission  requirements. 

3.2  MK  16  MOD  11  Stable  Element  Functional  Block  Diagram 

Figure  13  depicts  the  equipment  elements  and  the  functional  block  diagram  of  the  laser-gyro 
MK  16  MOD  11  Stable  Element.  Ship  speed,  ship  heading,  and  director  train  are  received  by  the  digital 
microprocessor  (DMP)  through  solid-state  synchro-to-dlgltal  converters.  The  DM  P also  receives  body 
angular  increments  from  the  strapdown  laser  gyros  and  body  velocity  Increments  from  the  strapdown 
accelerometers  (via  pulse- rate  converters).  Tomperatui-e-smuiut  and  various  coefficient  data  on  the 
inertial  components  are  also  digitized  and  sent  to  the  DMP  for  compensation  purposes. 

The  microprocessor  performs  the  basic  functions  shown  in  Figure  14.  The  body  angular 
increments  are  appropriately  integrated  to  obtain  the  attitude  of  the  ship  at  all  times  (direction  cosine 
matrix)  with  rest^ct  to  an  earth  reference  frame.  The  Euler  angles  (pitch,  roll,  and  heading)  are 
extracted  from  the  direction  cosines.  With  proper  use  of  the  train  angle,  level  atid  cross- level  are 
obtained  in  place  of  pitch  and  roll,  if  desired. 

The  direction  cosines  are  also  employed  to  transform  the  body  axis  velocity  Increments  into 
earth  reference  frame  velocity  increments.  These  are  integrated  to  provide  velocity  (for  comparison 
to  reference  velocity  and  for  conrdlnato-frikme-rate  "torqulng")  and  iMitude  (for  the  earth-rate  portion 
of  the  coordinate  frame  rate). 

The  attitude  Information  is  tevelcd,  aligned,  and  maintained  accurate  by  performing  optimal 
Kalman-flUer  gain  multiplications  on  the  differences  between  reference  velocity  and  inertial  velocity, 
and  between  reference  heading  and  inortiat  heading.  Kalman-filter  corrections  are  obtained  and  applied 
to  correct  inertial  attitude,  gyro  biases,  accelerometer  biases,  velocity,  and  latitude  data  s,!  a feedback 
closed-loop  manner  that  will  yield  minimal  variance  errors  in  the  various  states. 

The  DMP  supplies  output  level  and  cross-level  (or  pitch  and  roll)  data  to  solid-state  digital-to- 
synchro  convertors.  The  DMP  also  provides  and  receives  data  to  and  from  a control  and  display  panel. 

It  also  performs  various  self-test  and  performance  monitoring/localization  functions.  Digital  oiSput 
data  to  another  computer  can  also  be  provided,  if  desired. 

3.3  Specific  System  Synthesis  - Hardware  Description 


The  strapdown  laser  gyro  Stable  Element  is  depicted  in  Figures  IS  and  16.  As  sho'vn  in  Figure 
IS,  the  system  consists  of  six  major  functional  units  contained  in  a single  enclosure.  These  units  are 
as  follows: 

(1)  Sensor  Assembly.  Contains  three  laser  gyros  and  three  accelerometers  (on  a common 
mounting  bbek)  which  measure  all  of  the  ship  angular  and  linear  motions. 


Senaor  Electrwilca.  Contains  electronic  circuits  to  control  the  laser  gyros , process  the 
gyro  and  accelerometer  signals,  and  transmit  the  data  to  the  DMP. 

Qigital  Microprocessor  (DMP).  Performs  all  data  processing  and  handles  the  data  inputs 
I'rom  the  input  converters  and  the  control  panel,  and  the  output  data  to  the  oidput  converters 
iind  control  paneL 

Input  and  Output  Converters.  Convert  input  synchro  signals  to  digital  data  and  output 
digital  data  to  synchro  and  dc  analog  outputs. 

Control  Panel.  Provides  the  means  for  the  operator  to  control  the  equipment  and  to 
observe  equipment  status  and  data. 

(6)  Power  Supply.  Supplies  all  dc  power  required  for  proper  operation  of  the  equipment. 

Thermal  environmental  control  is  completely  passive  (except  for  some  electronics  precision'* 
reference  ovens).  There  are  no  fans  or  blowers,  and  there  are  no  inertial-component  heaters. 

To  meet  the  U.S.  Navy  desire  for  low-cost  sparing  and  ease  of  maintenance,  and  because  of  the 
relaxed  size  and  weight  constraints  of  nuirine  equipment,  the  laser  gyros  employed  in  the  Stable  Element 
are  housed  in  separate  individual  packages,  rather  than  Interleaved  on  a common  structure  as  was  the 
case  for  the  SLIC-15.  Figure  17  is  a photograph  of  one  of  the  Stable  Element  laser  gyros.  The  basic 
design  features  of  this  gyro  are  similar  to  those  employed  in  the  SLIC- 15  unit. 

Each  laser-gyro  unit  has  been  designed  to  be  interchangeable  and  readily  replaceable  without 
any  realignments  or  adjustments  as  is  also  the  case  with  each  Q-Flex  accelerometer  unit.  Bach  sensor 
contains  an  integral  calibration  programtmble-read-only-memory  (PROM)  that  provides  data  and 
coefficients  for  processor  software  compensation.  PR(M  calibration  data  for  each  sensor  includes 
bias,  scale-factor,  misalignment  and  temperature  coefficient  information. 

Each  laser  gyro  interfaces  with  a gyro  electronics  card  (one  per  axis)  that  performs  the  functions 
shown  in  Figure  18,  and  uses  hybrid  circuits  that  have  been  proven  out  on  many  previous  Sperry  laser- 
gyro  ai^licatlons.  Bach  accelerometer  interfaces  with  an  acceleration  digitiser  card  (one  per  axis)  that 
converts  the  accelerometer  output  dc  voltage  Into  a 12-bit  parallel  binary  data  word,  representing  the 
velocity  change  sensed  during  the  preceding  0. 01-second  Interrupt  period.  The  digitiser  employs  proven 
precision  voUage-to-frequency  converter  circuits,  whose  output  pulse  train  is  aeoumulatod  in  an  up'^down 
counter.  A compensation  electronics  card  contains  a multiplexed  analogf/digUal  converter  that  converts 
inertial  sensor  analog  temperature  data  into  13-bit  parallel  binary  data  words.  Each  of  these  sensor 
electronics  cards  contains  BITE  circuitry  ihat  detects  various  malftmctim  xiluatlomt.  Activation  of 
the  failure  deie<4or  energise  an  LED  m the  card,  and  {uroduces  a logical  *1ow‘'  at  the  BrTE  out|Hit 
terminal. 

A timer  card,  a computer  interface  card,  and  m instalUitioA  FROM  (to  Insert  certain  data 
peculiar  to  a given  ship;  e.  g.  lever-arm  distances)  complete  the  complement  of  ten  $.  7 x 6. 5 inch 
seimor  electronics  oai^. 

The  DMP  Is  the  Sperry  SP-lOOO  computer,  a printed  circuit  card  version  of  the  hybridised 
SP-3000,  which  is  described  in  Reference  4.  The  SP-1000  micropu'ograwmable  architecture  ia  deaigned 
to  emulate  a major  stdiset  of  the  instruction  repertoire  of  the  0.  S.  Navy  standard  AN/DYK-20  computer. 

As  such,  the  dev  lament,  testing,  and  operational  programmini  has  been  greatly  simplified 
through  the  use  of  the  substantial  and  proven  software  support  areas  currently  avatb^k  for  this  mUiiary 
standard  machine. 

The  SP-1000  architecture  'eatures  microprogram  control,  16  general- purpose  registers, 
parallel  lO-bit  word  organisation,  an  extensive  instruction  repertoire,  and  a versatile  addressing 
structure.  The  computer  process  unit  desigit  uses  large-scale- integrsied  microprocessor  devices 
which  provide  the  ALU,  16  accumulators,  shifters,  and  input/outptjil  bus.  As  indicated  in  Figure  19, 
microinstructions  stor^  in  main  memory  are  executed  by  microprogrammed  routines  stored  in  the 
microcontrol  memory  (CROM).  Execution  of  a macro- instruct  ion  requires  one  to  several  micro- 
instructions. An  instruction  is  read  from  matn  memory,  and  its  8-bil  operation  code  and  format 
field  serx’e  as  an  address  to  an  emulation  ROM  and  CROM  sequencer,  which  provides  the  appropriate 
entry  Into  the  CROM.  The  remaining  8 bits  cf  the  instruction  designate  registers  used  in  the  (^r-  ) 

ation,  and  these  are  gated  to  t;.e  micro|»roceS8or.  Bach  micro- instructlof^  ts  40  bits  wide.  The 
primary  microfleld,  in  turn,  generates  a nanotnst ruction  to  the  mtcri^sroccssor  elements.  The  re-  \ 

maining  microinstruction  bits  provide  controls  to  the  logic.  Bach  mtcroinstruelton  contains  fields 
designating  data  sources  and  destination  registers,  and  also  controls  address  generation.  The 
sequence  logic  provides  sequential  addresses  uiftil  the  Isst  mtcroinstruelton  ts  executed,  and  then 
accepts  the  next  entry  from  the  emulation  ROM.  An  asynchronous  memory  tnlerfsce,  incorporaied 
within  the  SP-1000,  providea  compatibilUy  with  memories  of  diverse  type  and  speed. 


(2) 

(3) 

(4) 

(5) 


For  the  Stable  Blement  application,  a 12K  x 16  bipolar  ROM  (on  two  cards)  and  a 4K  x 16  N-MOS 
KAM  scratchpad  memory  (on  two  cards)  are  otUiped. 

The  SP-1000  processor  is  basically  a 16-blt  computer  structured  to  enable  it  to  handle  eitiier 
16-  or  32-bit  data  words.  Two  sequential  words  in  memory  or  two  continuous  registers  are  used,  as 
required,  to  contain  32-bit  operands.  Using  this  capability  provides  for  an  extensive  instruction  set 
with  implicit  program  design  flexibility.  32-bit  precision,  at  hardware  speed,  is  an  important  advantage. 

The  internal  cycle  time  of  a CPU  microinstruction  is  360  lancseconds. 


Typical  cycle  times  for  Register-to-Reglster  Instructions  resident  in  bipolar  memory  include: 


ADD 

0,36  ^sec 

ADD  DOUBLE 

0.  72  t»8ec 

MPY 

2.  52  ^sec 

MPY  DOUBLE 

12. 60  ^soc 

DIVIDE 

11.52  t>soc 

SHIFT 

1.44  + 0.3 

The  SP-tOOO  CPU  (including  input/oidput)  is  comprised  twelve  5. 1 x 6.5  inch  printed  wiring 
board  modules.  These  12  cards  plus  the  4 memory  cards  constitxde  the  DMP. 


The  oonttol  and  display  panel  shown  in  Figure  16  consists  of  a 6-digit  plus  sign  LED  display,  a 
keyboard;,  various  controls  (or  mode  and  Replay  selection. 


The  predicted  MTBF  for  this  "no  mwlng  parts"  strapdown  system,  Including  all  Input  and  out- 
pul  converters  la  3620  hours.  The  predicted  mean-time-to- repair  (MTTR)  aboard  ship  is  about  20 
mindtea.  Key  nulntalnabiUty  features  of  Ute  HK  16  MOD  11  Stable  Element  deei^  include: 


Funotlotml  ModaterHy.  A 
maximum  use'ef'^ug-in  ntcdtides. 


cabinet  with  nU  peurts  readily  accessible  with 


(2)  fatercha-yteability.  All  taodules  are  ebmpietety  Interchanges^  without  ttil|ttmcnts 
oTaSiuiSmefttil 


(S)  EpiU  Ij)  Tgtjt;.  Performance  Moattoring 'Fault  Locaitmisa  (PM/FL)  ctr cults  and 
eofiwsim  ijrovid*  faphi  ident^icaktoo  of  prf<blem  and  isolation  to  a given  replac^ie 
subaasembly.  Mbiitaisea  speeiatiUed  extermil  teat  equiimteni  and  mabaenanee  training. 


Minimum  Frevtnttve  Mo  "wearoui"  parts , no  tutors,  fans  or  It^hjricaiioit 

points.  Daily  system  tqleratSistai  t^t  ^DSOtT)  mtly. 


3.4  Specif le  System  Synthesis  - Stdiwarc 

As  Shown  in  the  strapdown  compiaetfnn  function  flow  diagram  ^ Figure  20,  th'i  basic  str';:usfown 
algorithnvi  employed  by  the  MK  16  Mod  tl  Stable  Eietsent  arc  tdenticAl  to  those  described  in  2. 6 

for  the  tadleal  missile  guidance  system.  In  this  ease*  :bec3K^  <sf  ti»e  incfeased  s^e^l  capautity  of  the 
SP-1000  , tn?  baste  ^rai^wn  coe^etii^«ia  inbduks  are  performed  al  a $0  per  secind  rate 

instead' <d  ':2S  per  second. 

Also,  in  this  case,  ^ause  of  the  use  of  direction  ifuln  irdnrmatidn  on  the  direction 
a fairly  :S\m^Sr.  feSt^apoiatkvj  is  perfernied  to  yield  iWich  and  rcl!  {<Hr  icviji  and  cross-tcvei)  obtpw  data 
at  SOO  per  second  rates,  behead  of  mUng  the  birh-speod  incrrsnenial  (Ur«otiom>ocatt;e-t&l«%rati(ai 
parallel-path  tochniqbc. 

J'br  the  hiK  16  xitJO  it  stable  Stemeni,  mivetal  cf  the  inertial-componeiii  corteaiieos  and 
compensations  that  were  .perfortmid  in  hardware  on  the  Syc-  'tS  IhlU  are  now  included  in  the  ‘'troni-end" 
of  the  strapdown  soRware.  TMt  mlnimiaca  hardware  compkxUy  and  eoa,  and  easUilea  more  sopbi:^'- 
caded  imd  mot«  flca^e  tikortUl-compancm 

One  of  the  more  significam  new  contributions  syntbesised  ilk  Stabk  Element  program  was 
the  incorporation  of  a U-siate  leveling,  alignment,  and  ealUtraiion  fi^er  that  is  continually  in  (^ration  ' 
ss  pan  r4  the  nornval  mode  at  the  Stable  Element  (See  Figure  14.)  The  Kalmo-tiUct;  functicn  presides 
optimal  dannk^g  tor  the  otherwise.  Sehaler-twHcd  vortical  loops.  This  function 

(1)  Compsres  inertial  velocitiea  and  heading  with  rtfetcnce  vclociiy  (corrected 
for  lewsr.-arm  effects!  and  reference  heading  daUL 


(2)  Operates  on  these  "measurements"  to  generate  corrections  to  the  modeled  system 
states.  Corrections  are  made  to  velocities,  tilts,  heading,  latitude,  gyro  biases 
and  accelerometer  biases.  ’ 


The  basic  iteration  interval  is  2.  56  seconds.  Most  of  the  "internal"  operations  of  the  Kalman 
filter  (optimal  gains  computation  and  covariance  matrix  extrapolation  ind  upti.:te)  are  performed  in 
double- word  floating  point  to  obviate  scaling  difficulties.  Certain  reasonable  tests:  on  various  parameters 
are  also  included  in  the  Kalman-filtor  program. 


Additional  details  of  this  Kalman-filter , the  development  of  which  is  primarily  due  to  Carlo  P. 
San  Giovanni,  Jr.  , of  Sperry  Gyroscope,  are  presented  in  Appendix  C.  Many  of  the  computations 
involved  are  greatly  simplified  by  appropriate  matrix  partitioning  and  the  preponderance  of  zeros  in  the 
transition  matrix  and  the  measurement  matrix. 


3.  5 System  Performance  Analysis 

Simulations  cf  at-sea  maneuver  situations  were  performed,  listing  the  Sperry  CAESAR  gener- 
alized-error-analysis  program.  Carlo  P.  San  Giovanni,  Jr.  , .set  up  the  simulation  and  generated  the 
analysis  runs.  Gyro  and  accelerometer  error  models  based  on  Tables  2 and  3 were  utilized  and  refer- 
ence error  models  (1.  5 knots  rms,  10- minute  correlation  time  plus  0.  3 knots  bias  and  0.  4-knot  white 
noise  for  reference  velocities;  13.  7-minutes-of-arc  rms,  30  minute  correlation  time  plus  6-minute-of- 
arc  bias  and  6-minute-of-arc  white  noise  for  reference  heading)  based  on  U.  S.  Navy  specification  and 
prior  experience  were  incorporated.  The  simulation  program  employs  a strapdown  mechanization  and 
a Kalman  filter  (22  states  rather  than  14)  analogous  to  the  Stable  Element  design.  The  performance 
analysis  results,  shown  in  Figures  21  through  26,  are  well  within  U.  S.  Navy  requirements. 


Figure  21  depicts  a typical  pitch/roll  error  response,  in  the  face  of  high  turning-rate  maneuvers, 
for  a case  where  latitude  was  initially  inserted  to  within  5 minutes  of  arc.  Pitch/roll  performance  to 
better  than  0.  9 minutes-of-arc  rms  is  observed. 


The  covariance  analysis  results  indicate  that  the  occurrence  of  180°  turns  does  not  significantly 
affect  pitch/roll  accuracy  performance.  In  particular,  the  time  period  immediately  following  the  turn 
is  marked  by  a temporary  improvement  in  pitch/  roll  accuracy.  Subsequently,  the  error  increases 
slightly  and  then  settles  easentially  to  the  original  rms  value.  The  temporary  improvement  in  accuracy 
is  attributable  to  a temporary  calibration  of  log  velocity  error  associated  with  the  use  of  the  Kalman- 
filter  mixing  configuration  and  the  occurrence  of  the  180°  turn.  Such  calibration  is  anticipated  when 
conditions  are  such  that  the  duration  of  the  turn  is  less  than  the  10-minute  correlation  time  of  the  log 
error.  As  indicated  by  subsequent  pitch/roll  error  behavior,  the  relatively  high-frequency  nature  of  the 
log  error  in  this  case  leads  to  a relatively  rapid  loss  of  any  such  calibration.  It  is  noted  that  processing 
of  velocity  differences  during  periods  immediately  before  and  after  90  and  180°  ship  turns  is  a standard 
technique  for  calibrating  ship  log  bias  on  certain  Navy  ships  with  inertial  navigation  equipment. 


When  the  ship  maneuvers,  additional  information  is  available  to  the  Kalman-filter,  which  per- 
mits automatic  calibration  of  strapdown  accelerometer  biases.  Operation  of  the  leveling  loop  causes 
/jV  to  go  to  zero.  Therefore,  a bias  of  a horizontal  accelerometer  is  balanced  out  by  a corresponding 
tilt  error.  When  the  ship  turns,  the  tilt  errors  remain  the  same  in  earth  coordinates,  but  the  acceler- 
ometer turns  with  the  vessel.  For  a 90°  turn,  the  accelerometer  is  put  into  a position  where  its  bias 
is  uncorrelated  with  tilt.  For  a 180°  turn,  it  is  negatively  correlated.  Therefore,  during  turns,  there 
is  a large  amount  of  information  available  to  calibrate  the  accelerometers.  The  bias  error  is  estimated 
automatically  during  the  turn  and  the  accuracy  is  improved  as  long  as  the  Stable  Element  continues  to 
operate.  Repeated  turns  continue  to  improve  the  accelerometers , although  the  improvement  increment 
gets  smaller  with  time. 


Performance  is  less  than  the  specification  value  of  1. 5 minutes-of-arc  rms  in  about  12  minutes 
after  turn-on,  and  is  usable  in  a much  shorter  time  (less  than  2 minute-of-arc  rms  in  about  7 minutes 
after  turn-on). 


Various  other  maneuver  pattern  runs  were  performed  (slower  turns , 360°  turn , 45°  turns)  with 
comparable  results. 

Figures  22  and  23  indicate  the  self-determination-of- latitude  capability  of  the  system.  Starting 
with  an  initial  latitude  error  of  12  degrees , performance  is  degraded  only  during  the  first  turn , and  even 
then,  the  resultant  errors  are  barely  outside  tolerable  limits. 


These  same  results  are  applicable  for  even  larger  Initial  latitude  errors  because,  as  shown 
in  Figure  23  the  Kalman-filter  mechanization  provides  a latitude-correction  capability.  Prior  to  any 
turn  maneuvers,  the  operation  of  the  heading  reference  and  -elocity  reference  matching  loops  are  such 
as  to  balance  out  earth-rate  errors  (due  to  latitude  errors)  against  gyro  bias  drift.  Latitude  is  rapidly 
corrected  (see  Figure  23  prior  to  the  first  turn  maneuver)  to  the  level  (225  minutes-of-arc)  where  this 
balance  occurs.  During  the  first  180°  turn,  the  gyro  bias  drifts  for  the  strapdown  system  remain  along 
the  ship  coordinate  axes,  whereas  earth  rates  remain  along  north  and  vertical  earth  coordinate  axes. 
The  gvro  bias  drifts  and  the  earth- rate  (latitude)  errors  thus  become  uncorrelated,  and  the  KalmM 
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This  is 


clearly  shown  in  Figure  23  where  the  latitude  accuracy  is  improved  to  11  arc-minutes  after  the  first 
turn.  Because  of  this  improvement  in  latitude  (and  earth  rates)  accuracy,  the  vertical  errors  during 
subsequent  turn  maneuvers  are  reduced  to  normal  levels  (see  Figure  22), 


Additional  simulations  were  conducted  for  operating  latitudes  of  0 and  70*^  N,  again  starting 
with  a very  large  initial  latitude  error  of  12  degrees. 


Results  are  shown  in  Figures  24  and  25.  In  particular,  Figure  24  provides  a plot  of  rms  roll 
error  versus  time  after  turn-on  at  operating  latitudes  of  0,  45,  and  70° N.  The  behavior  of  the  rms 
latitude  error  is  shown  for  these  same  operating  latitudes  in  Figtire  25. 

Figure  24  shows  the  initial  settling  transient  for  pitch/roll  errors  to  be  quite  similar  for  the 
assumed  range  of  operating  latitudes;  th's  also  applies  to  accuracy  performance  subsequent  to  the  first 
(180°)  turn.  The  peak  (rms)  roll  error  introduced  as  a result  of  die  first  180°  turn  is  slightly  greater 
at  \ = 70°N  (2. 5 mlnutes-of-arc)  than  at  x.  = 450N  (2.2  minutes-of-arc).  The  transient  errors 
Introduced  by  the  first  180°  turn  at  x.  = QO  are  quite  small,  and  generally  resemble  the  performance  of 
the  baseline  model  (i.  e. , small  initial  latitude  errors).  As  previously  discussed  (for  an  operating 
latitude  of  45<>N),  the  transient  that  occurs  diming  the  first  turn  is  primarily  associated  with  errors  in 
horizontal  earth  rate  (due  to  the  latitude  errors).  The  error  in  horizontal  earth  rate  can  generally  be 
expressed  as  (fl  sin  x A x);  at  an  operating  latitude  of  0<x,  the  error  in  horizontal  earth  rate  is  then 
theoretically  zero.  For  the  magnitude  of  latitude  errors  under  consideration,  this  indicates  that  as 
shown  in  Figure  24,  the  "first- turn”  transients  can  be  expected  to  be  substantically  less  at  x = 0°  than 
at  X = 450  and  70®.  it  is  noted  that  the  error  in  vertical  earth  rate  is  (flcos  x A X);  at  X = 0°,  the  error 
in  latitude  is  primarily  observable  through  the  heading  measurements  and  the  Z axis  gyro  bias  drift. 

At  X = 45  and  70®,  the  "first-turn"  disturbances  in  pitch/roll  error  lead  to  the  estimation  of 
latitude  error  and,  therefore,  to  minimal  perturbations  during  subsequent  maneuvers,  Figure  25  shows 
that  latitude  is  estimated  to  approximately  11  nmi  at  X = 46®  and  8. 5 nmi  at  X = 70®.  Since  disturbances 
due  to  latitude  errors  are  of  minor  magnitude  at  X s 0®,  then  the  occurrence  of  turns  is  not  expected  to 
assist  the  estimation  of  latitude  error  for  this  operating  condition;  latitude  error  at  x = 0®  will,  how- 
ever, be  estimated  to  a level  compatible  with  the  error  in  estimating  Z-gyro  bias. 

Thus,  satisfactory  performance  is  attined  at  all  operating  latitudes,  without  the  need  of  any 
latitude  update  by  the  operator.  A rough  initial  latitude  insertion  is  desirable  to  minimize  output  attitude 
errors  during  the  first  turn  following  system  turn-on. 

The  analysis  simulations  described  to  this  point  utilized  a "real-world"  system  involving  a 
22-state  Kalman  filter.  The  Stable  Element  design  uses  a 14  state  reduced  Kalman  filter  to  minimize 
the  onboard  computer  burden.  Sperry  has  performed  sensitivity  analyses,  using  its  SEAP  program, 
to  compare  the  performance  of  the  14-9tato  sub-optimal  fitter  with  that  of  the  23-8tate  simulation.  The 
results  show  nearly  Identical  porfoi  manco  as  depicted  in  Figure  26,  for  example. 

Figure  36  provides  a plot  of  X gyro  bias  estimation  error  for  the  22/14  sensitivity  analysts  aixl 
the  22/32  optintai  analysis.  Performance  wHh  the  reduced  state  filter  is  observed  to  be  quite  similar 
to  the  performance  with  tiic  optimal  22  state  filter. 

This  last  plot.  Incidentally,  confirnw  the  discussion  statement  about  the  "balance"  of  earth- 
rate  (latitude)  errors  with  gyro  bias  drift,  and  also  shows  that  X gyro  bias  drift  will  be  calibrated  to 
about  0. 1 degrees  per  hour  luvior  this  set  of  maneuver  and  initial  latUude  conditions. 

The  simulation  analysts  results  do  not  Include  converter-transmission  errors  and  computer 
errors;  because  of  not  incorporating  gyro  and  accelerometer  scale-factor  errors  and  misalignment 
instabilities,  certabt  dynamic  errors  are  also  not  included.  Hardware  and  software  design  choices 
were  made  that  ntake  all  ot  these  additional  error  sources  essentially  negligible  compared  to  those 
used  In  the  simulation.  VelooUy-tncrement  resolution  is  2-*^  ft/s/pulse.  Specifications  for  the  digital- 
synchro  converters  require  a resolution  of  14  bits  and  an  accuracy  of  5 minute»ot-arc  maximum  (at 
36  speed)  over  all  environments.  This  yields  rms  errors  of  0. 14  mlnute-of-arc  when  referred  to 
single  speed.  Software  algorithms,  sampling  speeds,  and  use  of  double  prcclston  (where  necessary) 
have  been  selected  to  contrlbide  negligible  accuracy  impact.  Inertial-component  misalignment,  mount- 
ing, and  boresight  instabilities  are  held  to  an  overall  rms  of  less  than  0. 2 minute-u[-arc  about  the  tilt 
axes. 


Dynamic  errors  due  to  scale-factor  errors  and  nonltnearittes  will  be  fairly  small  In  this  appli- 
cation because  of  the  closed  loops  Involved,  the  sinusoidal  nature  of  ship's  pitch  and  roll  motions,  and 
the  relatively  mild  shipboard  acceleration  environment.  For  example , for  a maximum  roU  motion  of 
30  degrees,  Ute  rms  roll  error  due  to  an  0. 01  percent  gyro  scale-factor  error  Is 


(30)  (60)  10'^ 


0. 13  min. 


3. 6 Stable  Element  Test  Data 


Several  overall  system  tests  have  been  performed  that  verify  the  Stable  Element  capabilities 
discussed  in  the  previous  subsection.  Some  typical  results  are  described  in  the  following  paragraph. 

As  part  of  the  Factory  Acceptance  Test,  the  Stable  Element  is  mounted  on  a Scorsby  table  and 
ship's  pitch  and  roll  motions  are  simulated; 

Pitch  5 degrees,  6 second  period 

Roll  15  degrees,  9 second  period 

Stable  Element  pitch  and  roll  readouts  are  compared  to  those  of  the  Scorsby  table  and  errors  are  re- 
corded. The  results  for  the  first  two  MK  16  MOD  11  Stable  Element  Engineering  Development  Models 
are  depicted  in  Table  6.  Performance  is  observed  to  be  well  within  specification  values. 

The  first  Laswr  Gyro  Stable  Element  successfully  completed  its  first  sea -trail  (Feb.  13-16) 
aboard  the  U.  S.  S.  Sellers.  It  performed  markedly  better  than  the  existing  Stable  Element,  with 
"horizon"  tests  under  various  maneuver  conditions  generally  indicating  about  one  minute-<rf-arc 
accuracy. 


TABLE  6 

MK  16  MOD  11  STABLE  ELEMENT  PERFORMANCE  RESULTS 
UNDER  SCORSBY  MOTION 


Unit  Unit  U.  S.  Navy 

1 2 Specification 


Response  Time  (minutes) 

9 

10 

15 

Pitch  Error  (min  rms) 

0.80 

0. 68 

1 

Roll  Error  (m^i  rms) 

0. 70 

0.62 

1 

Figure  13,  Stable  Element  Functional  Block 
Diagram 
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Figure  19.  DMP  Data  sind  Control 
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Figure  20.  Strapdown  Computation  Function 
Flow  Diagram 
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Figure  21. 


Figure.  22.  At-Sea  .Perlornance-Kgects.ota 
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Ftgure  23.  RMS  Latitude  Error  At-Sea 
Performance 
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Figtire  24.  Effect  of  Operating  Latitude  on 
Roll  Error 
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Figure  25.  Effect  of  Operating  Latitude  on 
Latitude  Error 
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4.  AIRCRAFT  INERTIAL  NAVIGATOR  APPLICATION 

Laser  gyro  strapdown  Inertial  systems  are  now  available  that  can  ach;.?ve  better  than  1 nmi/h 
pure  inertial  performance  capability,  foltowing  a self-align  gyrocompassing  mode.  This  is  the  quality 
standard  that  is  considered  suitable  for  many  military  aircraft  applications.  This  laser-gyro  capability 
has  been  conclusively  demonstrated  by  successful  flight  tests  conducted  in  a C-141  aircraft  at  Holloman 
Air  Force  Base,  New  Mexico,  and  at  U.S.  Air  Force  bases  in  Alaska,  using  a Honeywell  LINS  system. 

This  section  describes  some  of  the  very  stringent  requirements  demanded  of  a self-aligning 
1 nml/h  strapdown  laser-gyro  navigator,  briefly  discusses  the  Honeywell  LINs  system,  and  presents 
the  flight-test  results  achieved. 

4.1  Typical  Aircraft  Mission  and  Requirements 

Aircraft  mission  profiles  differ  greatly,  of  course,  between  the  relativjly  maneuver-free 
commercial  and  military  transports  on  one  end  of  the  spectrum  and  hif  hly  maneuverable  fighter  air- 
craft on  the  other  end.  Generally  there  is  a pretakeoff  period  for  alignment  or  the  ground  (or  on  an  air- 
craft carrier),  which  shoulo  be  as  short  as  possible.  This  is  followed  by  a taxi,  a takeoff  climb  to 
cruise  altitude,  a turn  to  cruise  heading,  and  some  cruise  flight  time  to  a destination.  Various  terminal 
maneuvers  may  occur  at  the  destination,  depending  on  the  nature  c7  the  ali'craft  mission.  Some  missions 
will  end  (land)  at  the  destination;  others  wlU  turn  back  to  home  base. 

The  strapdown  inertial  system  must  level  and  align  itseb  on  the  ground  and  then  provide  suit- 
able navigation  to  the  destination.  Attitude  and  body  rates  and  accelerations  are  supplied  by  the  system 
for  flight-control  purposes,  and  velocities  are  desired  in  some  applications  for  weapon-delivery  require- 
ments. 


The  following  representative  mission  characteristics  will  be  i-.ssumed  for  analysis  simplicity 
(propagation  relationships  can  be  obtained  in  closed  form)  to  obtain  a feeling  for  the  Inertial  component 
accuracies  required: 

(1)  600-knot  due  East  flight  at  45°  Latitude  of  rbout  2 hours  duration,  following  a 20-minute 
self-alignment  on  the  ground. 

(2)  Ground  alignment  is  assumed  to  take  place  with  the  aircraft  pointing  due  North  (taxiing 
or  turning  to  East  at  takeoff) 

The  latter  situation  is  conservative  ano.  helps  to  justLy  the  assumptions  of  Independence 
between  initial  heading  offset  and  East  gyro  drift,  and  Independence  between  initial  tilts  and  horlaontal 
accelerometer  biases  during  flight. 

The  system  is  leveled  and  aligned  oa  the  ground  in  a gyrocompassing  configuration  such  as  that 
shown  in  Figure  27.  Many  variations  of  thi.s  configuration,  including  Kalman  filtering,  may  be  employed, 
but  this  serves  to  point  out  the  basic  action  thc.t  is  taking  place.  The  leveling  OMratlon  is  identical  to 
that  described  in  Section  2.3.  A tilt  6 6 couples  a gravity  component  {g  6 6 ) into  horizontal 
tion,  which  Integrates  into  a horizontal  velocity,  which  should  be  zero;  ivny  ho^ikontal  velocity  that  is 
measured  is  tod  back  appropriately  to  c-  rrect  the  tilt  tuid  level  the  system.  Any  tendency  of  the  hori- 
zontal velocity  to  keep  building  up  is  assumed  to  b:'  caused  by  angular  drifts.  The  basic  gyrocompassing 
action  is  the  assumption  that  the  East-axis  dvift  (estimated  fitim  summed  East-axis  tilt  corrections)  is 
due  to  an  azimuth  mt8alignr:ent  A 0 k*  which  couples  the  Nbrth  component  of  earth  rate  into  the  Bast 
axis;  l.e. 

East- axis  drift  « fig  cos  v 

Thus,  the  measured  Es.tt-axls  drift  is  used  to  correct  azimuth  offset  Instead  of  gyro  bias  according  to 

n^;  boa  ^ 

Any  part  of  the  Bast-axis  drift  that  is  a true  gyro  bias  drift  will  cause  an  over  compensation  of 
the  azimuth  offset  and  yield  a resultant  heading  error 


fig  cos  K 


It  can  be  shown  that  gyro  white  noise  random  drift,  over  a smoothing  time  T,  yields  a residual  bias 
drift  equal  to  The  dominant  heading  error  at  the  end  of  a gyrocompassing  alignment  of  time 

T for  a laser  gyro  strapdown  system  is  thus  given  by 

fii/<  = ^DTO  ^ •'S^/VT 
fig  cos  X 

where 

Bdto  = turn-on  uncompensated  bias  drift  of  the  equivalent  East-axis  gyro 

Aj^  = white  noise  amplitude  random  drift  of  that  gyro 

In  the  "steady-state",  the  alignment  loop  yields  a balance  where  the  residual  East  axis  drift  is 
zeroed  out.  This  balance  is  such  that 

6-A  f2gCOsK-(Bjj^Q©Ajj/v^  = 0 

For  the  case  considered  here,  with  ground  align  taking  place  with  the  aircraft  pointing  North,  there  is 
a residual  bias  drift  on  the  Y-gyro  axis  (Bjypo  © which  is  balanced  against  a heading  error 

(Incorrect  set  of  direction  cosines).  Now,  when  the  aircraft  turns  90  degrees,  the  Y gyro  (in  a strap- 
down  system)  becomes  a South  axis  instead  of  an  East  axis;  the  balance  no  longer  exists  and  both  the 
heading  error  and  the  Y-axis  drift  propagate  into  navigation  errors. 

Also,  during  the  self-allgn  mode,  a horizontal  accelerometer  bias  error  Integrates  into 
velocity  error,  which  is  interpreted  as  caused  by  a tilt.  In  the  steady  state,  a balance  occurs 

g 

^^n"'  'Se 

g 

In  a conventional  glmballed  system,  these  platform  tilts  keep  balancing  out  the  accelerometer 
bias  errors  at  all  headings,  so  that  navigation  errors  do  not  propagate  as  long  as  the  bias  error  does 
not  change.  However,  In  a strapdown  system,  the  tilt  and  the  bias  error  become  unbalanced  if  the 
vehicle  changes  heading  and  both  the  tilt  and  the  bias  error  propagate  into  navigation  errors. 

In  this  specific  example,  when  the  aircraft  turns  90  degrees  after  the  alignment,  the  originally 
North  (X-axis)  axis  accelerometer  is  now  East,  and  the  originally  East  (Y-axis)  axis  accelerometer  is 
now  South. 

Depending  on  the  accuracy  of  the  turn-on  to  turn-on  gyro  drift  repeatability  and  the  accuracy 
of  the  white  noise  random  drift,  there  may  be  little,  if  any,  gyro  drift  bias  calibration  that  can  take 
place  during  the  ground  alignment.  This  is  especially  true  for  the  Z (vertical)  gyro  axis,  where  the 
drift  estimation  is  observed  to  involve  a double  "integration".  It  can  be  shown  that  the  Z-bias  drift 
estimate  in  the  face  of  white-noise  random  drift  is  given  by 

®DZ  ° 
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If  this  term  is  greater  than  the  tum-on  drift  repeatability  value,  then  it  does  not  pay  to  attempt 
to  calibrate  the  Z-axis  drift.  This  is  generally  the  case  for  the  Z-axls. 

The  corresponding  estimate  for  the  North-axis  drift  estimate  in  the  face  of  white  noise  is 

®DN  “ Wvr 

The  decision  to  calibrate  the  North-axis  drift  depends  on  whether  this  term  is  less  than  or 
greater  than  the  turn-on  bias  drift  repeatability.  For  the  requisite  values  needed  for  a 1 nml/h  navigator, 
these  terms  are  approximately  the  same  order  of  magnitude,  with  the  required  tum-on  bias  drift  being 
somewhat  smaller. 

Utilising  the  pn^atlon  relationships  shown  in  Appendix  O for  this  aircraft  mission,  the  iner- 
tial system  requirements  that  are  necessary  to  achieve  a 1 nml/h  capability  after  a 20-mlnute  self- 
alignment  on  the  ground  are  listed  in  Table  7.  The  position  error  CEP  versus  time  for  an  Inertial  sys- 
tem of  this  calibre  la  plotted  in  Figure  28.  It  is  observed  from  Table  7 that  the  laser-gyro  requirements 


are  more  than  an  order  of  magnitude  more  stringent  for  this  application  than  for  any  of  the  others 
discussed  in  this  paper.  Gyro  scale-factor  precision  and  allowable  asymmetry  were  established  to 
yield  negligible  rectified  drifts  (0. 002°/h)  in  the  face  of  3-degree  0. 1-Hz  coning  motions  and  perturba- 
tions (see  Section  2.6  for  rectified  drift  relationships). 

TABLE  7 

INERTIAL  COMPONENT  ACCURACY  REQUIREMENTS 
TO  SATISFY  1 NM/HR  SELF-ALIGN  CAPABILITY 


Gyros 

Tum-On  to  Turn-On  Repeatability 

Horizontal  Axes 

0.004  °/h 

Vertical  Axis 

0.01  °/h 

Random  White-Noise  Drift 

0.004 

Scale-Factor  Repeatability,  Stability 

10  ppm 

Scale- Factor  Asymmetry 

1 ppm 

Misalignment  Repeatability,  Stability 

6 se^. 

Accelerometers 

Bias  Repeatability,  Stability 

100  iig 

Scale- Factor  Repeatability,  Stability 

500  ppm 

Misalignment  Repeatability,  Stability 

0. 5 mrad 

For  the  normal  aircraft  supplication,  it  is  preferable  to  mount  the  accelerometers  along  the 
principal  body  ajces  (not  skewed),  so  that  the  "horizontal"  accelerometers  do  not  see  a large  component 
of  gravity.  For  the  case  where  the  accelerometer  axes  are  skewed  to  the  principal  body  axes,  each 
accelerometer  measures  a large  component  of  g,  and  accelerometer  scale-factor  error  causes  an 
equivalent  horizontal  bias  error.  This  will  impose  a scale-factor  requirement  that  is  much  tighter 
than  that  needed  to  measure  the  velocity  change  during  takeoff. 

If  the  aircraft  were  to  make  many  360-degree  turns  or  loops  or  roll-overs  in  the  same  direc- 
tion, the  laser  gyro  scale-factor  errors  would  have  to  be  tightened  up  further.  However,  it  is  unlikely 
that  such  a maneuver  pattern  would  take  place,  even  in  fighter  aircraft. 

4.2  Specific  System  Synthesis 


The  Honeywell  developmental  laser-gyro  system  that  was  flight  tested  as  an  aircraft  inertial 
navigator  is  designated  LINS-0  and  is  described  in  Reference  6.  A brief  description  of  this  system, 
excerpted  from  the  reference,  is  provided  in  this  subsection.  This  development  system  contained 
several  growth  flexibility  features,  including  provisions  for  a fourth  skewed  laser  gyro  and  additional 
computer  processing  to  enable  redundant  operations.  Honeywell  has  been  develop!^  various  other 
LINS  packaging  configurations  that  are  more  compact  than  the  LINS-0  system. 

Figure  29  defbtes  the  black-box  assemblies  that  comprise  the  LINS-0  configuration.  The 
hardware  consists  of  an  Inertial  sensor  assembly  (ISA),  a strapdown  navigation  computer  (SNC),  sepa- 
rate alterable  memory  units  for  the  computer,  a control/dtsplay  unit  (CDU),  a computer  control  unit 
(CCU),  and  a non-lnterruptable  power  supply  that  enables  system  operation  through  aircraft  power 
switchover  transients  from  standby  to  primary  power. 

The  ISA  contains  three  orthogonal  (principal  body  axes)  OG1300  single-axis  laser  gyros  (with 
space  for  a fourth  gyro  skewed  relative  to  the  other  three),  and  three  Systron  Donner  4841  accelero- 
meters. 


Because  the  gyros  and  accelerometers  are  thermally  insensitive,  the  ISA  is  operated  without 
a heater.  IXie  to  the  low  power  dissipation  in  the  ISA  (50  W),  ducted  air  cooling  is  not  required  bebw 
ISOOp  ambient. 

Extensive  laboratory  tests  of  the  G01300  laser  gyro  and  the  4841  accelerometer  demonstrate 
the  recjpilslte  performance  cluuracterlstlcs  for  a self-aligning  1 nmi/h  aircraft  navigator  as  listed  in 
Table?. 


The  Honeywell  HDC-301  metal-oxide- semiconductor  large-scale  integrated  circuit  (MOS  LSIC) 
processor  is  used  in  the  SNC  to  perform  the  arithmetic  functions.  The  HDC-301  is  a military- qualified 
i6-bit  paraHel  digital  general-purpose  processor  with  double-precision  capability  and  basic  instruction 
times  of  3, 8 microseconds  for  add  and  16  microseconds  for  multiply,  ft  is  packaged  on  a single  6-inch 
square  multilayer  plug-in  card. 


The  SNC  also  Includes  an  ISA  interface,  a CCU  Interface  for  rapid  computer  program  changes, 
and  a CDU  interface  for  pilot-System  communications.  For  the  Holloman  flight  tests,  an  interface  was 
included  for  a barometric  altimeter  input  and  a flight  recorder  output.  The  SNC  contains  provisions 
for  a second  HDC-301  processor  and  additional  input/output  card  slots. 

The  LINS  software  block  diagram  is  depicted  in  Figure  30.  The  attitude  update  incorporates 
a fifth-order  direction  cosine  algorithm  updated  at  40  Hz  to  32-bit  precision  in  conjunction  with  a 160- Hz 
coning  compensation  algorithm  to  provide  the  combined  equivalent  of  160-Hz  total  attitude  update  rate. 

The  position/velocity  update  is  based  on  azimuth  wander  geodetic  vertical  navigation  coor- 
dinates for  an  all-ea:^  capability  with  an  ellipsoidal  earth  model.  Altitude  stabilization  is  accomplish- 
ed with  a third-order  blending  filter  using  barometric-altitude  input  data.  Compensation  is  included 
for  angular  rotation  during  acceleration  transformation,  accelerometer  assembly  size  effect,  and 
accelerometer  misalignment,  scale  factor,  and  bias  error. 

4.3  LINS-0  Flight  Test  Results 


The  following  discussion  of  LINS-O  flight  test  results  is  excerpted  from  Reference  6. 
4. 3. 1 Holloman  Test  Conditions 


The  LINS  engineering  hardware  was  delivered  to  HoUoman  Air  Force  Base  on  14  April  1975. 
Final  system  calibrations  were  completed  on  16  April  1975.  From  16  April  1975  until  completion  of 
the  Holloman  test  program  on  14  July  1975,  no  system  calibrations  were  performed.  Over  288  operat- 
ing hours  were  accumulated  on  the  system  during  the  test  period  (including  82  aircraft  navigation 
operating  hours  and  65  aircraft  navigation  flight  hours)  with  no  system  failures. 

All  system  tests  were  performed  without  temperature  controls.  For  the  C-141  flights, 
approximately  40°F  temperature  variations  were  experienced  during  the  tests  (high  aircraft  internal 
temperature  at  system  turn-on  on  the  ground  followed  by  cool-down  to  ICPt  or  lower  after  the  engines 
were  started  and  aircraft  airconditioning  systems  began  operating). 

AH  system  test  runs  were  initiated  from  a cold  condition  (preceded  by  at  least  3 hours  of  sys- 
tem off  time),  All  system  runs  entered  the  navigate  mode  after  20  minutes  from  turn-on  (10  minutes 
for  warmup  and  10  minutes  for  alignment).  An  exception  was  the  eighth  flight-test  run  where  an  ex- 
tended warmup  period  (50  minutes)  was  needed  tor  memory-loading  procedures. 

All  system  alignments  were  performed  inertlally  with  no  a priori  knowledge  of  coarse  heading. 
No  external  optical  alignment  devices  were  used  in  alignment  sequence,  and  the  only  external  Input  to 
the  system  during  the  test  program  was  barometric  altitude  provided  in  the  C-141  for  altitude  channel 
stabilization. 

4.3.2  Holloman  Flight  Tests 

Flight  testing  of  the  LINS  system  was  conducted  at  Holloman  Air  Force  Base  in  a C-141  air- 
craft during  the  period  from  14  May  to  27  June  1975.  A total  of  13  flight  tests  were  carried  out  at  three 
Air  Force  facilities:  Hblbman  Air  Force  Base  (Alamagordo,  New  Mexico);  Blmendorf  Air  Force  Base 
(Anchorage,  Alaska);  and  Blelson  Air  Force  Base  (Fairbanks,  Alasks).  Table  8 gives  a general 
description  of  the  13  flight-test  profiles. 

Navigational  errors  for  the  lilNS  system  were  established  on  each  flight  by  periodic  compari- 
sons (typically  about  once  every  5 minutes)  of  the  navigator's  Indicated  position  and  the  known  position 
of  a checkpoint  being  traversed.  This  provided  a set  of  "quick-look"  results,  which  was  subsequent^ 
refined  using  a photograph  of  each  checkpoint  as  It  was  traversed.  The  photograph  Is  necessary  be- 
cause the  checkpoints  are  not  traversed  exactly.  The  adjusted  checkpoint  position  errors  also  provide 
the  data  base  for  deriving  LINS  velocity-error  histories  for  each  fU^  Iqr  usli«  a HoUoman  data- 
smoothlng  program. 

The  thirteenth  flight  test  did  not  yield  valid  position  reference  data  for  comparison  due  to  a 
procedural  problem  on  the  C-141. 


TABLE  8.  LINS  FLIGHT  TEST  PROFILES 


Flight 

Test 

r 

Location 

Align 

Orientation 

Flight 

Path 

Flight 

Time 

(Hrs) 

Nav 

Time 

(Hrs) 

1 

Holloman  (N.M.) 

N 

N-S 

2.83 

4. 17 

2 

Holloman  (N.  M.) 

N 

W-E 

6.13 

7.67 

3 

Holloman  (N.M.) 

N 

N-S 

2.97 

4. 17 

4 

Holloman  (N.  M. ) 

N 

W-E 

6.05 

8. 00 

5 

Holloman  (N.M.)  to 
Elmendorf  (ALAS. ) 

N 

N/W 

9. 17 

10.37 

6 

Elmendorf  (ALAS. ) 

E 

N-.S 

3.00 

4.25 

7 

Elmendorf  (ALAS.) 

E 

N-S 

3.18 

4. 67 

8 

Elmendorf  (ALAS. ) 

N 

W-E- 

W-E 

7.13 

8.00 

9 

Eieleon  (ALAS. ) 

N 

W-E 

2.93 

4.33 

10 

Eielcon  (ALAS. ) 

N 

W-E 

2.85 

3.92 

11 

Eielson  (ALAS. ) 

N 

N-S- 

N-S 

6.98 

8.33 

12 

Eielson  (ALAS. ) to 
HoUoman  (N.M.) 

N 

S/E 

10.23 

11.50 

13 

Holloman  (N.M.) 

N 

Circling 

1.35 

3.00 

Summary  Data 

Total  Hours 

64.80 

82.38 

4.3.3  Flight  Test  Results 

The  radial  position  error  ensemble  for  the  first  12  flights  are  depicted  in  Figure  31.  Several 
of  these  missions  involved  an  alignment  at  one  heading  and  flight  at  a heading  00  degrees  i^Murt,  with 
various  turn  maneuvers  during  flight.  The  results  clearly  demonstrate  a 1 nm/h  navigation  perform- 
ance capability. 

4,4  Aided  Aircraft  Navigation  Systems 

With  the  availability  of  low-cost  radio  navigation  aids  (such  as  Omega,  Loran,  Tacan,  etc. ), 
many  aircraft  applications  do  not  require  a precision  1 nm/h  pure  inertial  navigation  capability.  These 
"continuous"  posltion'fix  devices  can  be  employed  to  update,  damp,  and  calibrate  the  inertial  system, 
thus  enabling  much  looser  inertial- component  accuracies  and  possibly  overall  lower-cost  equipment. 
This  will  especially  be  true  when  Ute  Global  Positioning  System  navigational  satellite  system  beo)mes 
operational. 

One  example  of  an  aided  strapdown  laser-gyro  system  is  described  in  Reference  7.  This  is 
where  a simple  Differential-Omega  receiver  is  incorporated  in  the  aircraft  and  optimally  mbced  with 
the  strapdown  inertial  system.  The  simulation  analysis  results  presented  in  Reference  7 indicate  that 
the  performance  capabiUtles  of  the  SUC-IS  IMU  (Tables  2 and  3)  are  satisfactory  to  meet  typical 


Figure  27.  Leveling,  Gyrocompasslng  Ground- 
Align  Configuration. 


ouaMTiniiTici  OF  roott  • 

«H  la  latt  FMCMT  OT  «b'  lATiruO! 
loaiauTi  tf  IF  AuOBFiiiatiac  bohih 


I IICtTl4i 

ytStaittv  Its*]  ^ 


Figure  28.  CEP  Position  Error  for  Laser  Gyro 
Strapdown  Navigation 


Figure  29.  LINS-O  Engineering  Hardware 
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5.  CONCLUSIONS 

It  is  clear  from  the  test  resiilts  and  other  material  presented  in  this  paper  that  laser- gyro 
strapdown  systems  are  now  available  that  can  satisfy  each  of  the  applications  discussed  as  well  as  a 
broad  spectrtim  of  additional  applications  with  performance  requirements  within  the  range  that  has  been 
covered  here.  Furthermore,  a selection  of  laser- gyro  systems,  having  different  size,  performance, 
and  cost  factors , are  available  for  tradeoff  to  yield  the  most  cost-effective  system  for  any  given 
application. 

Technology  improvements  are  continuously  being  made  in  both  laser  gyros  and  microprocessors 
that  will  widen  the  scope  of  applications  even  further. 
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APPENDIX  A 


SIMPLIFIED  SIX-STATE  ALIGN/CALIBRATE  KALMAN  FILTER 


The  six  dominant  states  that  are  modelled  in  the  suboptimal  Kalman  Filter  are: 


^4  " "DX 
*5  ""  "DY 


; misalignment  (tilt)  about  the  nominally  East  axis 
; misalignment  (tilt)  about  the  nominally  North  axis 
; azimuth  misalignment  about  the  nominally  vertical-dovm  axis 
; gyro  bias  drift  about  the  body  X-axis 
; gyro  bias  drift  about  the  body  Y-axis 


Xg  = ; gyro  bias  drift  about  the  body  Z-axis 


One  further  simplifying  assumption  is  that  the  velocity  difference  occtirring  over  a S-second 
sample  period  is  predominantly  caused  by  incorrect  transformation  of  accelerations,  caused  by  the 
direction-cosine  matrix  e<iuivalent  misalignments.  It  can  readily  be  shown  that 


where 


0 -V, 

\ 

O 

> 

i 

< 

9 

a 

(A-l) 


Vjj,  Vj,  = velocity  changes  in  five  seconds  along  N,  B,  K axes. 


This  is  identical  to  a tilt  on  a gimbailed  platform  causing  a horizontal  accelerometer  to  measure  a com- 
ponent of  gravity  and  an  azimuth  misalignment  cross-coupling  horizontal  acceleration. 


Since  Ve  and  are  the  measurements  beutg  ntade  by  the  Kalman  Fitter,  placing  Equation 
(A-l)  into  the  convent ion:il  measurement  form 

Z(n)  > H(n)  X(n)  ♦ y(n) 

Then  the  measurement  matrix  of  this  Kalman  Filter  is  observed  to  be 


0 % 
Vg  0 -Ve 


0 0 0 
0 0 0 


<A.2) 


A second  simplifying  assumption  is  that  the  misalignments  are  increased  predominantly  due  to 
constant  gyro  bias  drifts  (except  tw  white  noise),  and  that  the  gyro  bias  drift  states  are  constant  (except 
for  white  noise).  Thus 

n*l 

(n*l)  e (n)  ♦ f dt  (A-3) 


n*l 

(n»l)  • (n)  ♦y  "dN 

n 

n«^l 

Aflj.  (n*t)  * Afljj  fo)  ♦ y*  dt 


(A.4) 


(A-S) 


Now  gyro  bias  drifts  along  N,  E,  K axes  are  related  to  gyro  bias  drills  akng  body  X,  Y,  Z 
axes  throtqfh  the  direction  cosine  matrix  according  to 


"dn 

^11 

^12 

^13 

E 

"dx 

"de 

^21 

«^23 

"dy 

^32 

^33 

«J 

B 

“d2 

m.  m 

(A-6) 
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and 


/“de  = + 

/C22dt  + WD2 

1^23^ 

(A- 7) 

/“dn‘^*  = “DX  /Clldt  + WJ3Y 

/ Cj2  dt  + 

f Cjg  dt 

(A-8) 

/C33 

(A-9) 

calling  the 

/Cy  dt 

- 

substituting  in  equations  (A- 3)  through  (A- 5),  and  noting  that 

(n+1)  = <ap.(n)  ; i=X,  Y,  Z 

the  following  transition  matrix  for  this  Kalman  Filter  is  obtained 


1 

0 

0 

■^22 

-^23 

0 

1 

0 

Al 

A2 

Az 

0 

0 

1 

•^32 

Hz 

0 

0 

0 

1 
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Only  the  integrals  of  the  direction- cosine  coefficients  over  the  5-second  sample  period  are  required 
for  the  transition  matrix. 


The  conventional  Kalman  Filter  extrapolation,  gain  computation,  and  updates  are  then  performed 
to  yield  the  misalignment  and  gyro  drift  corrections.  These  matrix  equations  are  greatly  simplified 
because  of  the  zero  partitions  of  both  the  Measurement  Matrix  and  the  Transition  Matrix. 


APPENDIX  B 

BODY  CORIOLIS  CORRECTION  DISCUSSION  AND  DERIVATION 


B.  1 CORIOLK  BODY  ROTATIONAL  CORRECTION  DISCUSSION 

Because  of  the  pulse-rate  conversion  of  the  accelerometer  measurements  into  digital  pulses , 
and  the  sampling  nature  of  the  computer  input,  one  does  not  obtain  instantaneous  acceleration  measure- 
ments , but  rather  discrete  velocity  increments  (each  of  which  is  the  integral  of  acceleration  over  some 
time  period). 

If  the  body  simultaneously  rotates  diming  this  integration  interval,  then  certain  rotational 
correction  terms  must  be  subtracted  from  the  velocity  increments  to  arrive  at  a set  of  velocity  incre- 
ments along  body  axes  which,  when  transformed  by  the  direction  cosine  attitude  matrix,  ifclll  yield  proper 
velocity  increments  with  respect  to  an  earth  reference  frame.  (It  should  be  noted  that  the  techniques 
employed  here  eventually  result  in  the  identical  velocity  increments  that  would  be  obtained  from  a set 
of  three  accelerometers  mounted  on  a stabilized  earth  reference  platform.  That  is , the  normal  earth- 
frame  Coriolis  corrections  must  still  be  applied  in  the  navigation  software  module. ) 

The  need  for  these  body  rotational  corrections  can  be  readily  illustrated  by  the  following  simple 

example. 


Assume  a body  on  the  earth  that  is  rotating  at  a constiint  rate  Uy  about  the  body  y-axis  (which  is 
horizontal  to  the  right,  body  is  pishing  upward),  but  not  translating.  In^the  sketch  below,  is  initially 
id  pointing  North  along  n,  and  z is  initially  down  along  the  earth  vertical  axis,  & A very  short 


forward  and 

time  later,  the  picture  is  as  shewn  in  Figure  B1 


■'/Jc', 
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I.  ' 


The  specific  force  is  -g  in  the  k direction 

A 

tecttic  force  measurfO  by  the 

accelerometer 


Figure  Bl.  Example  Definition  of  Axes 

A 


The  specific  force  measur^  by  the  x accelerometer  is  g sin  wyt, 
>meter  is  -g  cos  wyt.  The  y accelerometer  reads  0. 


and  that  measured  by  the  z 


Over  a period  the  x-axis  velocity  increment  from  the  x-axis  accelerometer  is 

/^T 

gsioi 


AV 


/k'l 

h 


iw  t di  » ~ 1 - cos  AT 
y «y  L y _ 


Similarly,  the  z-axls  velocity  increment  is: 

AV 


tor 

- 

7 j- 

sin  Wy  AT 

( 


Now  it  is  ebserved  from  Figure  Bl  tiat  the  direction-cosine  matrix  relating  the  body  axes  to 
tlki  earth  r^erence  axes  is  given  by 


cos  Wyt 


' sin  Wyt 
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COSWytj 


The  value  of  the  C matrix  at  t >•  AT  is 


cos  Wy  AT 
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stawyAT 

] “ 
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0 

COS  Wy  AT 

H one  were  to  transform  the  uncorrected  velocity  increments  by  this  C matrix,  the  following  velocity 
increments  along  North,  East,  and  vertical  would  result:  / 


or 
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Av_  = cos  «>_  At 


1 - cos  «yAT 
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AVv  = - sin  AT 
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The  exact  values  for  the  earth- referenced  velocity  Increments  shotild  be 
AV^  =0,  AVg  =0,AV^  = .gAT 


Expanding 


and 


(w„AT)2 

cos  AT  “S'  1 - — — + . 
y 2 


sin  Wy  At  ~ (Uy At  - ^ g'  + . . 
it  is  observed  that  the  error  in  AV,j  is  approximately 

g«y-y- 

and  the  error  in  Av^^  is  approximately 


Kw. 


2AT^ 

y 6 

The  equivalent  acceleration  errors  are; 

8a„  =Tg«yAT 
8*^ 

If  Wy  “ 1 rad/sec  and  ^T  « 1/25  second, 

8a„  B 0,02  g 

n 

8a^  B 270  tig 

It  is  obvious  that  rotational  corrections  are  required.  Furthermore,  since  fairly  higher  acceleration 
levels  may  be  encountered,  correotiOMl  terms  up  to  and  including  the  third  order  are  necessary.  The 
rotation  correction  terms  to  the  third  order  are  derived  in  Section  B2  and  are  summarixed  In  Figure  B2. 

Tho  previous  simple  example  will  now  again  be  employed,  using  these  correction  terms.  This 
will  confirm  that  the  overall  approach  presented  here  is  a proper  one.  (Other  simple  examples,  such 
as  a centrUuge  case,  or  a body  on  a rotating  earth,  have  been  tried  out  and  the  om-rectlon  terms  have 
been  shown  to  be  proper  for  those  cases  aUm ) 

Over  the  first  half-period,  the  x-sxls  velocity  tncrenent  from  the  x-axis  aoeelerometer  is 
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* fourth-order  tertns  and  higher 
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Figure  B2.  Coriolis  Rotational  Correction 


Over  the  second  half-period 


•sfgUyAT*..... 


Similarly 


>g  CCS 


~ AT  f 2 

= - 8-2“+  48*  g«y  AT3  + .... 


also  ur«Wyy.  Over  the  first  half-period. 


«»2I  ■ “yf 


and  over  the  second  half  period 

68,.  « « ^ 

22  "y  2 

also  ^3 , and  8 Vj  are  all  equal  to  eero.  Substituting  these  8 relations  into  Figure  B2 


86y  “ Wy  AT 

8«^  » 80^  « 0 
AVjj  B 0 

AV,«.gAT--^g«y*AT* 
AVy  « 0 


AVi  =|-g«yAT2 

AVg  = - gAT  +-|-g«y2^T3 


AiOjj  =A<Oy  -Au)^  = 0 
Aa^  = gWyAT^ 


AVg  =Aay  = 0 


1 „ 2 
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Substituting  into  Figure  B2  relationships,  the  corrected  velocity  increments  after  applying  the  Coriolis 
rotational  corrections  to  AVj,  AV2,  and  AV3,  are 

AV„  = g tu„  At2  + fourth-order  terms  and  higher 

aC  y 

iVj,.  . 0 

1 2 ^ 

AV^^  = - gAT  + Y g Wy  At  + higher  order  terms 
Transforming  by  the  C matrix 

AVn  = g «y  ^t2  cos  (<*»y  AT)  - ^ g AT  + y g AT^  j sin  (Uy  AT) 
which  for  small  AT,  yields 

AVjj  = 0 + fourth-order  and  higher  terms 
AVe  = 0 

AVjj  = - g «y At2  sin  (wy  AT)  - (g  AT  - y g Wy^  AT  2)  cos  (Wy  AT) 
or 

AV](  s . gAT  -f  fourth  order  and  higher  terms 

Thus,  the  proper  velocity  increments  along  the  earth- referenced  axes  are  obtained.  It  should 
be  noted  hhat  the  [C]  matrix  employed  at  the  end  of  the  same  AT  sampling  Interval  (within  the  same 
computi  :g  cycle)  Is  the  proper  value  of  [CQ  to  employ.  There  Is  no  need  for  any  extrapolations  on  [c] 
for  the  t rancor matlon  of  the  velocity  Increments. 

B.2  CORIOLIS  ROTATK^AL  CORRECTION  COMPUTATION  DERIVATION 
R E is  the  reference  or  earth  frame,  then  at  any  time 

N-MN 

where  the  brackets  refer  to  matrix  multiplication,  Ae  is  the  inertial  acceleration  in  the  E frame,  and 
Aq  is  the  Inertial  acceleration  in  the  body  frame.  Then,  the  velocity  change  TAVeI  In  the  integration 
time  AT  Is  /•  l J 

/AT 

In  order  to  compute  [ AVe]  in  terms  of  the  final  tinte  t(,  I c]  is  expanded  In  a power  series  about  time 

tf 
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The  accelerometer  output  is 

M.[AW-[A],6f.[A], 

To  evaluate  the  remaining  terms 

[c]  = - [c]H 

[e]  = -[c]H  -[c][i] 

= [C]  ([f -H) 
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Then 


f] 

Using  initial  values  for  j^Aj  and  ^u)j 
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assuming  no  higher  derivatives.  Making  these  substitutions 

At* 
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In  the  strapdown  program,  [c]{  and  [a]  and  its  derivatives  at  t » 0 are  computed.  Also 
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The  strapdovm  program  also  has  Wj  Wj  Wj  and  i,  q, 
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If  [AVe]  = [c]f  [AVB],then 
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and  combining  some  terms 
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with  similar  relations  for  the  other  components. 

Here,  as  derived  in  Section  B3 
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with  i • X,  y,  z for  I a I,  2,  3 

B.  3 w AND  w IN  TERMS  OF  ANGULAR  INCREMENTS 
a AND  a IN  TERMS  OF  VELOCITY  INCREMENTS 

Given  an  angular  increment  that  occurred  over  time  AT/2  ^ angular  increment 
that  occurred  over  the  time  interval  from  AT/g  to  AT.  it  is  desired  to  determine  the  best  estimate  for 
the  angular  rate  and  angxilar  acceleration  at  the  beginning  of  the  intervuL 


Since  it  is  allowable  to  assume  that  Is  constant  over  the  interval, 


let 

Then 

and 
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Now  at  t = 0 (beginning  of  Interval),  = 0 (therefore  e = 0) 

“k  ="kn  = ‘*> 


at  t = AT/2 


at  t =AT 


1 At2  j At 


= -5-c^^+  d 


®-S0kl  " 2 
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Equations  (B-4)  and  (B-5)  are  solved  to  yield 
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and 
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Similar  relations  can  be  derived  for  ajj  and  a^^  in  ternos  of  velocity  half- increments 
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APPENDIX  C 

SOME  DETAILS  OF  THE  STABLE  ELEMENT  KALMAN  FESTER 


■ I 


The  suboptimal  Stable  Element  Kalman  Filter  models  the  following  14  states: 


State  1: 

Xl 

= 

8Vn 

= 

North  inertial  velocity  error 

1 

State  2: 

X2 

= 

SVe 

= 

East  Liertlal  velocity  error 

f- 

State  3: 

X3 

= 

S% 

= 

Tilt  about  the  North  axis 

¥ 

State  4: 

X4 

= 

S^E 

= 

Tilt  about  the  East  axis 

fc- 

'iK 

State  5: 

X5 

= 

S«K 

= 

Inertial  heading  error 

¥ 

State  6: 

Xe 

= 

Sx 

= 

Latitude  error 

1 

% 

State  7: 

X7 

= 

^Gx 

= 

Body  X-axis  gyro  drift 

r 

u 

State  8: 

X8 

= 

«Gy 

= 

Body  Y-axls  gyro  drift 

1 

State  9: 

X9 

= 

«G2 

= 

Body  Z-axis  gyro  drift 

V- 

i-; 

State  10: 

XlO 

= 

^Ax 

= 

Body  X-axis  accelerometer  bias 

1 

State  11: 

Xll 

^Ay 

= 

Body  Y-axis  accelerometer  bias 

1 

State  12: 

X12 

= 

= 

Heading  reference  error 

k; 

p 

State  13; 

Xl3 

€ Vlr 

a 

Longitudinal  velocity  reference  (log)  error 

1, 

1- 

State  14: 

Xl4 

a 

€Vtr 

a 

Transverse  velocity  reference  error 

Corrections  are  applied  to  all  but  the  last  three  states. 

The  basic  measurements  Z^HX-t-yarea  heading  difference  a longitudinal  velocity 
difference  AVl,  and  a transverse  velocity  difference  AV^. 

The  heading  difference  is  essentially  the  difference  between  the  heading  reference  error  (State 
12)  and  the  tnertial  heading  error  (State  S).  The  longitudinal  velocity  difference  is  essentially  the 
difference  between  the  longitudinal  velocity  reference  error  (State  13)  and  the  longitudinal  velocity  error 
oompment  of  the  inertial  velocity  error.  This  is  the  body  X component  or  C\i  8Vm  + 02181^2.  where 
fiVjti  is  State  1,  SVg  is  State  2 and  Cn,  C21  are  direction  cosines  relating  b^y  to  earth  coordinate 
frames.  The  transverse  velocity  difference  is  essentially  the  difference  between  the  transverse  velocity 
reference  error  (State  14)  and  the  transverse  velocity  error  component  (body  Y-axis  component)  of  the 
inertial  velocity  error  (Ci2  * C22  SVg).  Inertial  heading  error  (State  5)  multiplied  by  the  longi- 
tudinal Inertial  velocity  also  contributes  to  a transverse  velocity  difference.  The  measuremeiU  matrix 
for  this  Kalman  Filter  is  thus  given  by  the  following 


where 
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(C-1) 


The  effects  of  the  tilts  in  causing  improper  transformation  of  velocity  increments  and  creating 
8Vm  and  8Ve  are  taken  into  account  in  the  transition  matrix  in  this  filter,  since  both  the  velocity  Mates 
and  the  tUt  states  are  modeled. 

Because  of  the  short  iterstion  time,  the  assumption  is  made  that  the  transition  matrix^  for 

X(tHl)  »4>{n)X(A)^U(n) 

can  be  approximated  by 

I ♦ • -W  ■ 


As  was  derived  in  Appendix  A,  the  misalignments  are  assumed  to  increase  predominantly  due  to 
gyro  bias  drifts  (See  equations  A- 3 to  A- 10).  Therefore,  here  also 
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^(4,7)=i2i 

«^(4,8)=722 
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^(5,7) 

^(5,8)=i32 
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In  an  analogous  fashion,  due  to  body  axis  accelerometer  biases 


SVj^  (n+1)  = SV, 


SVg  (n+1)  = SVg  (n) 
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Therefore,  subetitvUing  in  (C-2)  and  (C<3) 
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f^a.ll)  «./j2  « ^(3.8) 
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^(2,U)  -.^22  “ 

Due  to  the  tiUe  gravitational  acceleration  will  be  coupled  into  the  horicoatal  axes 

oaualng  BV^  and  8V]g  errors  according  to 


SVj,  e gAt  Me 

&Ve  «■  >8(^  Mff 


^(l,4)«.^{2,3)t.*Bt 

The  tilts  are  also  increased  by  improper  coordinate-frame  rates  ('torqulng  rates")  wtiich  act 
like  gyro  bias  drifts. 


The  nominal  torquing  rates  (or  a north  referenced  coordinate  frame  are 

***N  "^E  ^ ^ Vg/R 

-E  “ ”VK 


(C-9) 
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Thus,  due  to  improper  V/R  torqulng 


= SVg/RAt 

(C-12) 

«8e  = -SVN/RAt 

(C-13) 

SSjj  = -8Ve/R  tan  XAt 

(C-14) 

and  therefore 

*(3,2)  = -*(4,1)  =At/R 

and 

*(5,2)  = - tan  xAt/R 

Due  to  incorrect  latitude 

88jij  = sin  x^At  8x 

(C-15) 

and 

SSr  = ■ (Vg/Rsec^  x + lig  cos  x)At8x 

(C-16) 

so  that 

*(3,6)  = -Qg  sin  xAt 

and 

*(5,6)  = - (Vg/R  sec^  X+Iig  cos  x)At 

Because  of  the  misalignments,  the  torquing  rates  are  coupled  Into  the  wrong  axes, 

creating  new 

cross- coupled  misalignments. 

Thus 

(C-17) 

88j,  * -W|^At  88j^  + *‘*j,]At  88jj 

(C-18) 

S^K  ° **‘*N^^  ^^E  ^ *‘*E*^^ 

(C-19) 

so  that 


^(3,5)  - “WgAt 
^(4,3)  B «W|^^t  B •■^(3,4) 

^(4)5)  B 

^(5,3)  and  ^(5,4)  are  neglected  as  being  of  sec«Klary  consequence. 

The  dominant  earth  ooriolis  acceleration  corrections  on  the  North  and  East  axes  are 

a^jj  . - (aVEflfi  sin  k ♦ Ve^/U  tan  v)  (C.20) 

and  ^ » 

^ Itui  ^ (C''2t) 


Thus,  due  to  Incorrect  velocities,  incorrect  Coriolis  corrections  result 

8Vk  b < (2%  sin  \ ♦ 2 Vg/R  tan  x)  At  8Ve  (C-22) 

a 2 w^At  8Ve 

avg  B (2%  sin  X > Vg/R  tan  x)  At  8V{«]  (C.23) 

Therefore 


and 


^(1.2)  « 2«e^‘  • 2^(3,4) 


#(2.1)  B - WK^t  bQe  silt  xAt  B . [^(3.4)  4hi3.6)] 


#(1,8)  and #(2. 6)  (effect  of  8 x on  8V{i]  and  8Vk  due  to  incorrect  Coriolis  corrections)  are  neglected 
here.  So  is  the  sell*effect  of  aVg  In  Equation  Tc-21), 
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Th^*  •'re , due  to  incorrect  North  velocity 

8\  = SVNAt/R  (C-25) 

and  thus 

^(6,1)  =At/R  =-  ^(4,1) 

Since  plant  noise  is  considered  white  for  all  states  except  the  reference-error  states  (States  12 , 
13,  14),  all  ^(l,i);  1 = 1 to  11  are  equal  to  1. 

For  the  reference  error  states  (States  12,  13,  14)  plant  noise  is  Markovian  (X  = - 1/r  X +ij ). 
Therefore 

^(12,  12)  = 1 - l/r^gAt 
^(13,  13)  = 1 - l/J-jgAt 
^(14,  14)  = 1 - l/Tj^At 

All  other  <]>  matrix  coefficients  are  treated  as  negligible  or  are  zero.  Thus  only  41  out  of  196 
coefficients  have  some  value.  Eleven  of  these  equal  1.  The  remaining  155  coefficients  are  zero  including 
all  ^ ij  , i = 7 to  14  , j = 1 to  14  and  not  equal  to  i. 

This  fact , coupled  with  the  large  zero  portions  of  the  (h]  matrix  (see  Equation  C- 1)  enables 
significant  simplications  in  the  computation  of  the  conventional  Kalman  Filter  rel^ionships. 

The  Q matrix  (white  plant  noise)  consists  of  14  diagonal  elements , with  Q (6 , 6)  (Latitude  error 
state)  set  to  zero.  Q (3,  3),  Q (4,  4),  and  Q (5,  5)  represent  the  white  noise  random  drift  characteristic 
of  laser  gyros.  Q (12,  12),  Q (13,  13),  Q (14,  14)  have  the  appropriate  form:  (2o-^/rAt)  where  v is  the 
rms  amplitude  of  the  Markovian  reference  error  noise  and  r is  the  correlation  time. 

The  R matrix  (meacurement  noise)  consists  of  three  diagonal  elements.  R (1,  1)  for  Heading, 

R (2,  2)  for  longitudinal  velocity,  and  R (3,  3)  for  transverse  velocity.  The  R values  are  employed  to 
represent  the  white-noise  reference  errors,  whereas  the  Q (12,  12),  Q (13,  13),  and  Q (14,  14)  values 
represent  the  Markovian  random  reference  errors. 


APPENDIX  D 

POSITION  ERROR  PROPAGATION 
RELATIONSHIPS  FOR  LASER  GYRO  AIRCRAFT 
INERTIAL  navigator 


The  following  approximate  error  propagation  relationships  can  be  shown  to  occur  for  the 
dominant  error  sources  In  a laser-gyro  strapdown  inertial  system  for  the  particular  flight  situation: 

(1)  600  knots  due  East  at  45  degrees  Latitude  for  about  2 hours  duration. 

(2)  Following  a 20  minute  self-align  on  the  ground  while  pointing  North. 

X,  Y,  and  Z are  principal  body  axes;  longitudinal,  lateral  to  the  right,  and  normal  down. 

Due  to  X-Gyro  Drift 

^ ^ “ ®XR^  V)  © ANx'v/fj  - *8^  * 4^  2Wg~tT  (D-1) 

*•  8 8 

[l  - CCS  (Qg  + i)t] 

Bfcos  X = sin  X (D-2) 

Where 

L - Longitude , 

X 3 Latitude , 

Wg  ° Schuler  Frequency  (4. 5 rad/hr) 

0 o is  rss  addition 

= residual  X axis  bias  drift  at  start  of  flight  (assumed  to  equal  turn-on  drift  in  this  case) 
a white  noise  X axis  rawioin  drift 

Due  to  Y Gyro  Drift 

[l  - cos  (H®  +£  ) t] 

ax  . sin  X (D.3) 

8 £ cos  V . ByijI  { - •;J-8tn  w^t)  0 sin  w, t ♦ sin  2 Wg t ) (D-4) 

i^YR  “ ^nTn  0 the  residual  Y-axls  biiXs  drift  as  a result  of  the  tyrocoiBBSSsing  setf-alhm- 

ment  oflSflioj.  T.  ^ 


Due  to  Z-Gyi-u  Drift 


* coo  ^ 


Sxcos  V « D^r  aio  t cos  x 


[l  - cos  oig  ♦£  )tj 

— -p 

r sin  (Qg  ♦ £ ) 1 1 


(D-S) 
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Bzr  la  residua!  z axis  Nas  drift  at  atart  of  ftigM  (assumed  to  equal  tum-on  drift  in  this  esse. 
It  U nssuinitd  thit  white-nolse-drUt  ^ects  tn  the  Z-axls  ate  negligible  compared  to  the  residual  bias 
drift  effects. 


Due  to  bitttal  AsimUth  Error 

ax  >>8^  coe  X ^sln(fi£^£  )t  - ~stow^t|  ; 
a£eos  X a S^'qSIa  X cos  ^ [f  * cos  ' i)tl 


where 


8^^  is  the  rss  sum  of  0 8dr^ 


8*- 


01 


%TQY  ® 


Ag  cos  X 


>'02 


the  si.S'nuth  error  resulting  from  the  gytocompAssiitg 
•elf-aiigvmeni 


a>-Y) 

a>-6) 


8^q2  = ^sf  * additional  azimuth  error  caused  by  gyro  scale-factor  inaccuracy  in  measuring 

the  90  degree  turn  tu  East. 


Due  to  Y-Axis  Accelerometer  Bias  (ABY) 


fix  (1-cos  [wgt]) 


j^Y 
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Sxcos  X.  = ^2^  cos  (Wgt)  sin  [(%;  +£  ) sin  vt] 
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Due  to  X-Axis  Accelerometer  Bias  (ABX) 


S X.  = cos  (wgt)  sin  f (lig  +x  ) sin  K 1 1 
O L J 


8 X cos  X.  = (1  - cos 


[wal] ) 


Due  to  Initial  Tilt  about  North 


where 
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is  the  rss  sum  of  9^^^  0 9^^^^ 
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ABY 


NOl 


the  initial  tilt  resulting  from  the  self-alignment 


®N02  ° ®MAG  * error  caused  by  gyro  misalignment  cross-coupling 

w i WAu  degree  azimuth  mot  jotx  into  a motion  about  a horizontal  axis 


Doe  to  Initial  Tilt  about  East 

S\  9j,q  ^cos  Cftg  ♦i  )t  - cos  Wgtj 
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where  9^^  is  defined  simtlariy  to  for  orthogonal  axes. 

Due  to  Inittal  East  Veioctty  Error 
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where  dVgo  is  the  iniiUl  Bast  velocity  error,  caused  in  this  case  by  the  X-axis  acceierometer  seals- 
factor  error  in  measuring  the  GOO-lmot  change  in  East  velocity  at  Ukitoff 


*'^BO  * ®SPAX  * 


Due  to  tniital  North  Velocity  Error 


(Other  than  effect  of  inttiai  azimuth  error » which  has  been  included  in  etiuailon  (D-T)) 

sin  Wgt 
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Where  8Vkc  i*  ibe  Inttiai  North  velocity  error,  other  than  tiat  due  to  Inillat  azimuth  error,  caused  in 
this  case  the  Y-axls  accelerometer  misaligameot,  cross-coupling  the  600>kaot  change  at  talm-off 
into  the  North  axis 
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APPLICATION  OF  STRAPDOWN  INERTIAL  NAVIGATION  TO 
HIGH  PERFORMANCE  FIGHTER  AIRCRAFT 
by 

Dr.  Wolfgang  J.  Kubbat 
. ' MESSERSCHMITT-BOLKOW-BLOHM  GMBH 

Aircraft  Division 
8000  Munchen  80,  Postfach 


SUMMARY 

The  paper  describes  an  experimental  strapdown  ir.ertial  navigation  system  which  is  part 
of  an  integrated  guidance  and  control  system.  Based  upon  technical  requirements  and  a 
general  comparison  between  a gimballed  solution  vs  a strapdown  solution  a description  of 
the  major  elements  of  the  RIICS  (Redundant  Inertial  Information  and  Computation  System) 
is  given. 

The  redundancy  management  problem  is  addressed  as  well  as  software  timing  and  memory 
occupation.  The  paper  concludes  with  some  aspects  of  advanced  configurations  such  as 
sensor  skewing  and  data  bus  application. 


1 . TECHNICAL  REQUIREMENTS 

Inertially  based  information  is  needed  in 
many  different  purposes: 

Aircraft  Stabilization  (SAS,  CSAS) 

Autopilot 

Radar  reference 

Sight  system  stabilization 

Navigation 


an  aircraft  at  many  different  locations  for 

Sensor  stabilization 

Weapon  delivery 

Terrain  following 

Pilot  reference/information 

Ride  quality  control/Gust  alleviation 


The  conventional  approach  to  obtaining  inertJ.ai  reference  information  uses  individual 
sensors  for  each  task  or  piece  of  equipment.  The  result  is  that  in  many  aircraft  dupli- 
cation of  sensor  signals  (of  different  or  even  equal  qualities)  is  found.  Interfaces 
between  existing  and  newly  installed  equipment  are  rare?  when  used,  they  become  expensive 
and  complicated.  On  the  other  hand,  we  are  confronted  with  steadily  increasing  require- 
ments for  aircraft  in  service  and  under  design. 


In  spite  of  additional  financial  constraints,  the  arising  technical  demand  is  to 
do  more  with  less  equipment.  In  addition,  with  regard  to  the  many  modifications  of  air- 
craft in  service  than  we  experienced,  a second  very  important  requirement  must  be  obser- 
ved: make  simple  modification  with  only  local  impact.  Last  but  not  least,  the  flight- 
safety  requirements  related  to  obtaining  inertial  reference  information  demand  the 
observation  of  flight-safety  rules,  i.e.,  reliability,  redundancy#  and  vulnerability. 


Strapdown  inertial  technology  conforms  to  all  of  these  rules.  It  provides  more  informa- 
tion with  less  hardware.  A comparison  of  the  .strapdown  and  the  conventional  gistballed 
platforms  is  given  by  Figures  1,  2,  and  3. 
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Figure  2.  Computer-IMU  Interface;  strapdown  system 
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2.  0Rl^BHAL  AIRC-IWT  tlKOUIREHENYR  FOR  i^EKTlAL  NAVIGATION  SYStEMS  IK  A UIGM- 
FliRFOimANCE  AIUCRAPT 

The  navigation  acctaraoy  finally  ob>^ir;e<S  from  any  InortUJ  syntow  Is  strongly  influenced 
'C'/  onv'iroTVSieiita  1 constraints  given  tc  the  aircrc^t.  Many  of  then  differ  from  aircraft  to 
aircraft  or  can  be  modified  through  cooling,  shock  mounts,  or  other  protective  measures, 
however,  some  of  tlu...  can  not  and  some  significant  valuoa  are  given  in  Table  1 for 
orientatloo  purposes. 
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Table  1 . Typical  Aircraft  Dynamic  Environments 


Rates 

Low 

Typical 

High 

roll 

+ 

100“/s 

+ 

200‘“/s 

+ 

SOOVs 

pitch 

+ 

40'’/s 

+ 

SOVs 

+ 

120°/s 

yaw 

+ 

40‘’/s 

+ 

80°/s 

+ 

120°/s 

Angular  accelerations 

roll  T 
pitch  ? 
yaw  J 

+ 

SOO^/s’ 

+ 

1000“/s  " 

+ 

ISOOVs 

Linear  accelerations 

all  axes 

+ 

5 g 

+ 

10  g 

+ 

15  g 

Under  these  conditions,  an  unaided  navigation  accuracy  of  better  than  1 nmi/h  CEP  can 
be  obtained. 


3.  A STRAPDOWN  SYSTEM  IN  AN  EXPERIMENTAL  INTEGRATED  GUIDANCE  AND  CONTROL  SYSTEM 
3.1  The  CCV  FI 04  Test  Bed 

In  1974,  the  German  MOD  contracted  MSB  for  the  design,  development,  and  flight  test  of  a 
Control  Configured  Vehicle  (CCV) . The  basic  idea  of  improving  aircraft  performance  by 
utilizing  the  reduction  of  drag  in  a statically  unstable  aircraft  was  combined  with  the 
approach  for  a modern  guidance  and  control  system. 


Kigure  4.  CCV-K104C  in  flight. 

The  CCV-P1040  has  been  equipped  with  an  integrated  guidance  and  control  system  which 
provides,  within  a set  of  four  redundant  computers t 

Stabilisation  and  Control 
Autopilot 

Air-Data  Computation 
Strapdown  Navigation 


Auto  Navigation 
Redundancy  Nanagoment 
Pro flight  Checkout 


COtfUtl* 


4 


Figure  5.  CCV-F104G  guidance  and  control  system 
(one  channel) • 


Figure  6.  CCV'-FIOIG  guldanoo  and  control  syston. 


3-2  Yhe  CCV-F104  Strapdown  SystoBi 
J.,\1  Dcaiqn  Conaldcrationa 

In  1974.  the  rls)<  in  choosing  strapdown  sensors  as  the  basic  signal  source  for  such  an 
aircraft  was  quite  high.  No  strapdown  system  had  been  used  before  for  fllghtsafety 
determinations.  On  the  other  hand,  the  advantages  offered  by  the  strapdown  system 
(In  terms  of  simpler  redundancy  Banagoment  and  multiple  signals  derived  from  only  one 
source)  led  to  the  selection  of  a quadrupally  roduitdant  strat>down  system  for  the  CCV- 
F104. 


3.2.2  Strapdown  Sensors 

The  basic  signals  In  the  CCV-F104  that  are  sensed  are  four  non-orthogonal  body-fixed 
rates,  and  three  orthogonal  body-fixed  accelerations. 

These  are  measured  by 


Dry  Tuned  Rato  Gyros 
Teledyne  Systems  Co. 
Hodel  SG05 


Acculorometcrs 
Systron  Oonner 
Kodcl  4641 


The  open  end  shows  semi skewed 
gyros  and  orthogonal  accelero- 
meters. The  utilization  of 
skewing  technique  allowed  the 
IMU  to  sustain  higher  aircraft 
roll  rates. 


Figure  7.  Strapdown  inertial  measurement  unit  TDS-3D. 


3.2.3  The  Inertial  Measurement  Unit  (TDS-3D) 

The  CCV-F104  strapdown  system  concludes  four  TDS-30  Inertial  Measurement  Units  (IMUs) 
(see  Figure  7).  Each  IMU  contains 

(1)  Instrument  assembly 

(2)  Gyro  caging  electronics 

(3)  Digital  conversion  electronics 

(4)  IMU  Power 

(5)  Serial  interface  to  computer 

Among  others,  three  Key  elements  can  be  identified  for  the  successful  solution 
of  the  strapdown  problem 

(1)  Selection  of  ekcollent  sensors. 

(2)  Accurate  conversion  of  the  analog  gyro  and  accoloromotor  pickoff  signals. 

(3)  Good  sensor  models  for  mathematical  error  compensation. 

Since  a de;'.cription  of  sensiors  used  is  given  elswhere  in  this  lecture  series, 
only  two  temarkable  fotitures  (from  the  user's  point  of  view)  shall  be  montionedi 

(1)  Keating t No  heaters  are  needed  for  the  sensors. 

(2)  hun-up  time;  30  seconds  after  turn  on.  the  system  is  fully  operational,  normal 
alignment  time  is  8 minutes. 

The  eonvorsion  of  the  analog  pickoff  signals  is  done  by  voltago-to-f roquency  (V/F) 
converters.  Figures  6 and  9 show  a simplified  t-axis  caging  loop  and  a gyro-axis  con- 
version diagram,  respectively. 


Figure  8.  Simplified  l-axls  caging  loop  Figure  9.  Gyro-axis  conversion  diagram 


It  should  be  mentioned  that  although  the  V/F  conversion  represents  the  most  accurate  con- 
version technique,  its  disadvantage  is  that  each  signal  needs  a separate  converter  (i.e., 
more  hardware) . It  also  may  be  noticed  that  since  V/F  conversion  is  an  integrating 
technique,  the  output  is  ^ 

Si  = it  J 

0 


This  short-term  integration  smooths  the  signals  and  essentially  eliminates  the  effects  of 
noise.  On  the  other  hand,  a proper  selection  of  the  integration/sampling  period  at  has 
to  be  made  to  avoid  adverse  phase-lag  effects.  In  the  CCV-F104  project,  no  adverse  effect 
has  been  encountered. 


3.2.4  The  Computers 

The  computation  of  all  jobs  for  the  strapdown  equations  as  well  as  for  all  other  tas)t8 
in  the  integrated  guidance  and  control  system  is  done  in  a set  of  four  redundant  compu- 
ters. For  comparison  purposes,  some  representative  performance  values  of  the  Teledyne 
TDY  43  are  given: 

Cycle  time  : 1,13  us 

Add  : 1,49  us  1 Immediate 

Multiply  : 3,87  us  J 

Double-word  arithmetic  : Ves 

Memory  : 16)t  Core 

Programming  language  : Assembler 

All  computers  run  identical  programs.  Thev  are  start-up  synchronized  onlyj  after  start  up, 
they  are  free-running,  a point  to  be  referred  to  later. 


3.2.5  System  mechanization 

Figure  10  reviews  the  functional  allocation  of  tasks  to  the  IHU  Computer  and  Control 
and  Disply  Unit  <CDU) . 


Figure  10.  System  functional  block  diagram. 

3.3  Strapdown  Computation 

As  mentioned  before,  all  strapdown  computation  is  done  within  each  of  the  redundant 
computers.  There  is  no  worksharing  bettieen  computers. 


UlCItIZtD 
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Flguro  11.  Computational  flow  diagram. 


Figure  1 1 does  not  doacrlbe  the  whole  program.  Since  other  tasks  must  be  solved  quasl- 
slmultanoously,  a careful  testing  of  program  parts  was  undertaken.  This  Is  best  Illu- 
strated by  Figures  12,  U,  and  14. 
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Figure  13.  Computer  memory  occupation:  16k  * 2k  RAM. 
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Together,  the  program  flow  diagram  (Figure  12)  and  the  timing  diagram  (Figure  14)  illu- 
strate the  difficult  job  of  satisfying  different  requirements  within  a restricted  time 
frame  and  a given  computer  capability.  An  additional  problem  was  that  the  software  had 
been  written  by  two  different  teams  (Teledyne  Systems  provided  the  strapdown  software, 
MBB  all  other  parts). 

The  detailed  cere  occupation  may  look  different  depending  upon  programmers'  arrangements, 
in  our  case,  it  was  also  influenced  by  the  four  DMA  areas  for  computer-computer  communi- 
cation which  have  fixed  core  locations.  The  total  occupied  core  for  the  strapdown 
computation  inclusively  of  the  Auto  NaV  is  8k  words.  In  addition,  2k  of  IC-RAM  are 
utilized  by  the  strapdown  program.  Standard  subroutines  are  copied  into  the  RAM  during 
the  power-on  routine.  This  faster  memory  saves  2/3  us  per  instruction  and  helps  speed- 
ing up. 

The  software  provides  an  automatic  self-alignment  and  gyrocompassing.  Within  the  self- 
alignment, the  following  functions  are  performed: 

Fast  level 
Fine  level 

Wide-angle  gyrocompassing  (or  use  stored  heading) 

Fine-level  gyrocompassing 


High  gain 
Low  gain 
North  biasing 
Vertical  biasing, 


^ gyrocompass 

'optional 
if  time 
, available 


3.4  Strapdown  System  Outputs 

The  raw  data  are  received  from  the  IMU  and  compensated.  The  subsequent  integration  uti- 
lizes a fourth-order  Runge  Kutta  algorithm  for  the  quaternion  representation  of  attitude. 


The  following  elements  of  the  Inertial  State  Vector  are  available  to  the  user  within  the 
computer,  and  most  of  them  are  also  available  for  readout  via  a COD. 


body  accelerations 


p - roll  rate 

q - pitch  rate 

r - yaw  rate 


(9  - roll  attitude 

e - pitch  attitude 

y - Itoading 

ivi  - absolute  velocity 

Vqjjjj  - ground  speed 

si  - angle  of  attack 

P*  - sideslip  anqle 

- fUghtpath  angle 

RNC  - range  to  destination 

lUtG  - beating  to  destination 


u » velocity  along  x-body-axla 
V - velocity  along  y-body-axls 
w - velocity  along  z-body  axis 

f\  - vertical  geodetic  velocity 
h - altitude  (supportod  by  air  data) 

- ground-track  angle 
0 - latitude 

h - Icneitude 

XTR  - erosstrack  error 

TtG  - time  to  go  to  destltuition 


It  Should  be  noted  that: 


(1)  Since  tho  attitude  is  also  Internally  available  as  quaternions  and  the  CCV-F104G 
control  system  uses  attitude  as  feedback  (among  other  variables) , the  control  system 
engineers  confronted  with  the  old  attitude/singularity  problem  became  accustomed  to 
quaternions,  Now  they  liave  converted  their  control  laws  such  that  quaternions  arc 
directly  fed  into  the  control  laws. 

(2)  Tho  state  vector  contains  the  angle  of  attack  (s^  ) and  sideslip  angle  (/^*). 

It  should  be  noticed,  that  oL  does  not  contain  the  guet  termef^  and  A*  contains  also 
the  drift  angle  ^ . 

The  direct  use  ofcCj]!)  for  stabilisation  (feedback)  will  be  tested  in  the  CCV-ri04.  No 
final  assertion  can  be  nude  about  an  appropriate  filter  etc.  for  the  elimination  of  in 
ths^IM  signal,  ittvestigationa  and  tests  are  under  wsy. 


3.4  Use  of  a Strapdown  System  for  Guidanca  and  Control 


3.4.1  Plight  Safety  Considerations 

Any  equipment  used  In  a flight-safety  critical  position  has  to  satisfy  two  requirements. 
The  first  is  the  reliability  figure,  which  ie  hard  to  get  and  harder  to  believe  In  case 
one  is  working  with  prototypes.  The  aecond,  which  we  are  concentrating  on,  is  ths  opsra- 
tional  raquiramsat.  xn  cass  of  ths  CCV-ri04  program,  double  fall-op  xaqulramant  wm 


The  solution  is  strictly  a majority-decision  software  logic  within  the  computers,  which 
act  as  central  voters  and  monitors - 

since  the  number  of  new  technologies  involved  already  have  been  enough,  principles  such 
as  skewing  or  self-monitoring  have  not  yet  been  incorporated. 

In  order  to  accomplish  the  failure  detection  and  isolation  for  all  dat^,  the  inertial 
and  non-inertial  data  have  to  be  exchanged  between  computers,  done  here  by  DMA  data 
exchange  (see  Figure  15) . This  is  a very  fast  and  software-saving  method. 


SENDING  AREA  RECIEVINC  AREAS 


Figure  IS.  Frincipie  of  sma  data  exchange. 


Because  of  the  OKA  data-exehange  feature,  eaeh  centiiuter  fwasessea  all  variables  stored  in 
its  own  teenoty  and  in  the  Ronortos  of  the  other  three  oomputers.  Thus  it  vote  (see 
Figure  U) . 
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Figure  16.  Principle  of  sigrtal  consolidatioti. 


As  mentioned  before,  the  computers  run  identical  but  nonsynchronized  software.  This 
feature,  which  is  imposed  by  computer  hardware,  has  resulted  in  an  undesired  effect. 

In  general,  it  forces  one  to  use  higher  failure  thresholds.  In  case  of  the  strapdown 
signals  it  did  not  allow  us  to  consolidate  the  error-compensated  raw  signals  as  initially 
intended.  Since  the  asynchronism  between  computers  may  be  as  big  as  60  ms  with  a maximum 
angular  acceleration  of  1000’’/s’,  rate  thresholds  of  SO^/s  arising  out  of  this  asynchro- 
nism are  not  tolerable.  In  practice,  failure  detection,  therefore,  is  done  based  upon 
attitude  and  velocities.  The  asynchronism  problem  is  not  considered  to  be  a major 
problem;  however,  any  future  system  should  run  soft-synchronized  to  ease  the  programmers' 
work. 


3.4.2  Functional  Integration 

The  integration  of  all  functions  of  the  CCV-F104  Guidance  and  Control  System  is  done  by 
software  integration.  All  functions  ate  executed  by  the  four  redundant  computers. 

Using  clear  software  conventions  and  a modular  technique  no  major  problem  was  encountered 
even  between  teams  writing  software  parts  ten  thousands  of  miles  away  from  each  other. 

The  main  problem  occurring  was  a timing  problem  within  the  computer.  Especially  for  the 
stabilization  task,  the  time  used  between  data  sampling,  computing,  and  output  to  the 
actuators  needed  to  bo  minimized. 

With  a given  computer  performance  the  problem  was  solved  by; 

(1)  Selection  of  a te.^aonable  basic  frame  of  60  ms  s 16-2/3  Ha  for  the  stabiliaation. 

(2)  Subframes  of  20  mt  for  the  fast  strapdown  update  (50  Hz) . 

(5)  I«w  rate  update  for  noncritical  variables. 

(4)  Utilizing  “left-over**  time  for  an  untlmod  computation  for  the  “nice  to  have" 
information. 

The  timing  diagram  (Figure  14)  shows  that,  in  addition,  phase-lag-critical  parts  have 
been  nested  together  in  order  to  minimize  the  time  between  data  input  and  output. 

it  should  be  noticed  that  the  sampling  period  of  60  ms,  alt)iough  it  appears  to  be  long, 
is  noncritical.  This  is  taken  into  aecoont  during  control  law  design.  The  real  problem 
is  to  avoid  unnecessary  phase  lag  during  computation. 


figure  il.  Control  and  display  unit,  cottputcr  Ttiy  43 
and  inertial  (Masuresmni  unit  Tt>d-3-0. 


3-^  Flight-Test  Bosul.ts 

At  the  time  when  this  pa|>cr  was  written,  the  CCV-F104  had  completed  a first  test-phase, 
which  was  a pure  calibration  phase  for  the  aerodynamic  sensors.  A toLal  of  11  flights 
were  performed.  One  tMd  (part  of  the  flights  two  iNVs)  was  installed,  but  was  not 
subjected  to  detailed  tests.  However,  the  navigation  accuracy  observed  was  between  1 
and  3 nai/h  C£P. 

At  the  time  of  writing,  phase  11  of  the  flight-tests  with  the  fully  equipped  plane  had 
just  commenced.  Four  shakedown  flights  hsvc  been  ]>erfotmedi  These  and  a few  foiiow-un 
flights  arc  purely  dedicated  to  aircraft  open-loop  perfortaance  evaluation  since  some 
external  nodif ications  may  affect  the  aircraft  aerodynamics. 

tharefore,  more  detailed  information  is  not  Included  in  this  paper. 


4.  OUTLOOK/GROWTH  POTENTIAL 

From  the  point  of  view  of  the  user  (who  also  has  accompanied  a considerable  part  of  the 
design  and  development  of  the  described  strapdown  system) , soma  remarks  and  predictions 
shall  be  given. 


4 . 1 Performance 

It  goes  without  saying,  that  the  basic  sensor  improvement  will  improve  the-fina-l  result. 

A considerable  performance  improvement  is  expected  in  the  following  areas: 

(1)  Error  model  improvements  will  result  in  better  accuracy  without  hardware  effort. 

(2)  Calibration  and  alignment  improvements  will  have  an  additional  effect. 

(3)  Faster  computers  will  reduce  phase  lag  and  avoid  stability  problems.  In  addition, 
will  allow  one  to  use  extended  error  models. 

(4)  Conversion  technique  improvents  (for  the  pickoff  signals  of  gyros  and  accelerometers) 
using  improved  V/F  converters  or  digital  caging  loops  will  reduce  noise  effects  and 
increase  accuracy. 


4.2  Safety  of  Flight/RodundancV 

The  IMUs  used  in  the  CCV-F1 04-ptogram  did  not  give  any  reason  for  complaints.  To  date  the 
functions  have  been  flawless.  However,  the  amcUht  of  hardware  needed  in  order  to  satisfy 
the  (fail-op)*  requirement  is  very  large,  some  possiblilities  are  givon  in  the  following 
subsections. 


4.2.1  Failure  Self-Honitorine 

Failure  self-monitoring,  satisfying  t)»e  same  operational  requirement  (fail-op)*,  would 
reduce  the  necessary  hardware  by  25%  if  available  wit)»  1C0%  confidence.  Instead  of  four 
channels  only  three  channels  would  be  needed.  However,  this  technique  has  not  progressed 
above  90%  confidence  level  depending  on  t):e  Particular  hardware  being  used. 


4.2.2  Seaiskewinq 

The  simiskowing  teehiiique  monitors  three  orthogonal  sensors  by  a fourth  sensor  arranged 
2 X 4S*  as  stown  in  Figure  Id  and  19. 


Figure  16.  Sensor  Monitoring  with  skewed  setvsor. 


I 


Figure  19.  Principle  of  semiakewed  rate  gyros  appliecS  to 
a strapdown  system  used  in  a BO  10S  helicopter. 

Thl§  to«hntquo  is  «?-?peeially  useful  in  two  eases s 

(1)  a lower  degree  of  redundancy  is  needed. 

(2)  naihtonance  and  easy  repiaeoment  are  important. 


4.2,  3 yulx  Skewing 

Fu4  5|4«wl«g,  horo»  means  the  thfeo-dimensional  orientation  of  a set  of  sensors  such 
tha^  tb-e  nuinber  of  each  set  of  sensors  neaded  to  fnlfli*  the  operational  roguiremen* 
is 


} 


Kigu/t  M.  Pall-o$»'  gyro  and  accelerometer  Figure  21.  Seialoctahedral  gyro  axis 

full  skewed  arrangement  using  orientation  as  proposed  by  r*]* 

ewo-degree'^of-freedoti  gyros.  * * 

In  to  parallel  redundancy  Cor  a (fall -op)'  requirement,  the  number  of  gyros  is 

rodt^td  eight  to  only  four  as  shown  In  Figure  21. 


Thl%  V^liod  is  <tsp<»cially  useful  In  space  applications,  where  no  recovery /repair  is 

posik>bl.^. 


For  aircraft  application  the  foilcMing 


JilcMing  list  of  advantages/disadvantages  has  bean  1 


(1)  Advantages 

(a)  Minimizes  hardware. 

(b)  Saves  space. 

(c)  Reduces  power  consumption. 

(2)  Disadvantages 

(a)  Power  redundancy  difficult/  not  solved  yet. 

(b)  Repair:  in  case  of  one  sensor-failure,  the  whole  sensor  assembly  has  to  be 
replaced  and  eventually  recalibrated. 

(c)  In  case  of  a sensor  failure,  a sensitivity  reduction  may  occur  because  the  sensor 
taking  over  the  function  may  not  be  optimally  oriented. 


4.2.4  Timing  aiid  Cross-Strapping 

In  the  case  of  redundant  applications,  a synchronious  running  of  all  units  and  computa- 
tions is  essential  because  it  eases  software  Implementation  and  Improves  early  failure 
detection.  Cross-strapping  all  sensor  information  to  all  computers  is  recommended, 
because  it  allows  each  computer  to  run  its  software  with  consolidated  data  without  cross- 
cosmunlcation  prior  to  computation. 


4.3  Sensor  Distribution  and  Vulnerability 

The  distribution  of  redundant  sensors  due  to  vulnerability  considerations  often  has  been 
discussed  but  has  not  been  implemented  to  date.  The  reason  lies  in  the  difficult  handling 
of  the  redundancy  management,  since  each  sensor  measures  local  information,  which  contains 
a considerable  part  of  elastic  body  motion  contribution.  Since  this  complicates  the  re- 
dundancy management  seriously,  it  has  not  been  used  yet.  On  the  other  hand,  new  require- 
ments for  measuring  local  Inertial  information  arise  (i.e.,  rates  or  accelerations  for 
control  of  elastic  aircraft  motions).  Mo  new  solution  can  be  offered  yet,  but  a new  con- 
tributio.h  can  be  made  to  the  sensor-distribution  discussion. 


Figure  22.  Sensor  distribution  in  an  aircraft. 

In  Figure  22,  sensor  set  I is  mounted  to  the  forward-looking  radar,  11  at  the  center  of 
gravity,  and  ill  In  the  rear  to  an  aft-looking  radar.  Assutaing.  all  sets  are  self  soni- 
toring,  the  following  requirements  can  be  satisfied. 

it)  (Fall  op)’  operational  re<j|ui resent. 

(2)  Redvurtion  of  vulnerability  by  sensor  decentralization. 

(3)  Close  alignment  between  forward-looking  radar  to  Inurtial  navigatiot^  systems. 

(4)  Close  alignment  bstwcen  aft--.,oki»g  radar  to  ln<^rri‘*t  navigeCiSn  systems. 

(5)  Control  ciiwjtic  • f sasde  is  possible. 

As  statrxi  bi'-Iore,  this  dn^^'  r-u.  vresont  a solutiont  it  should  be  understood  as  a new 
t-o  a lung-la«»'  ''A*'''.,saicn. 


4 . 4 Strapdown  Sensois  and  the  Data  Bus 


The  introduction  of  a data-bus  to  new  a/c  is  undoubtedly  a must.  The  question  concerning 
inertial  information  from  this  user  point-of-view  only  is,  WHEN?  This  means:  Shall  we 
put  raw  data  on  the  bus?  Shall  we  compensate  first?  Shall  we  have  a complete  IN-comouta- 
tion  at  the  place  of  data  gathering?  etc. 


The  present  data-bus  standard  (KIL-STD  1553  B)  uses  a 1-MHz  bit  rate,  with  20  bits  per 
word.  This  results  in  a maximum  vrard  rate  of  50.000  words  per  second,  which  will  addition- 
ally be  reduced  by  communication  overhead.  An  inertial  state-vector  information  trans- 
mission (as  described  in  section  3.3)  needing  28  16-bit-words  for  26  data  takes  560  (is 
from  the  first  to  the  last  bit.  This  does  not  include  any  overhead! 


Early  measures  have  to  be  undertaken  to  avoid  the  dangers  of 

(1)  Bus  overload. 

(2)  Un tolerable  phase  lag. 

These  two  problems  do  not  have  a generally  applicable  solution.  Therefore,  two  solutions 
shall  be  presented  for  discussion. 


Figure  23.  Strapdown  sensor  data-bus  configuration  for 
accommodating  bus  overload. 

In  the  solution  diagrammed  in  Figure  23,  the  IMUs  deliver  error-compensated  rates  and 
accelerations;  the  triplicated  data-bus  connection  takes  care  that  each  computer  gets 
all  information. 


Figure  24.  Strapdown  sensor  data-bus  configuration 
for  accommodating  untolerable  phase  lag. 

The  second  solution  (Figure  21)  does  not  put  any  unnecessary  infomation  on  the  bus,  and 
can  be  made  much  faster  than  the  first  one.  But  it  takes  more  interfaces  and  some  more 
wiring. 

In  both  cases,  the  inertial  information  will  be  made  available  to  other  users.  This 
avoids  the  unnecessary  multiple  installations  we  experienced  in  the  past. 
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5.  CONCLUSIONS 

Based  upon  our  experience  with  a quadrupally  redundant  strapdcwn  system,  and  on  the 
growth  potential  observed  here  and  on  other  occasions,  we  find  strapdown  inertial 
technology  to  be  an  excellent  innovative  technique.  Especially  in  redundant  and  inte- 
grated guidance  and  control  systems  strapdown  sensors  are  the  prime  candidates  for  new 
projects, 

Strapdown  offers  a significant  reduction  of  hardware  and  cost  and  considerably  reduces 
the  effort  in  those  applications  where  not  only  redundant  rates  and  accelerations  but 
also  redundant  altitudes  and  other  higher  information  are  needed. 
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RESUME 

Parmi  les  systemes  strap-down  ddveloppes  par  la  Soci^td  de  Fabrication  d' Instruments  de  Mesure  (SFIM) 

A partir  des  differents  modeles  de  Gyroscopes  Accordes  Miniatures  GAM  I et  GAM  3,  le  plus  dlabore  est  le 
SIL  3 destine  au  guidage  precis  des  engins  tactiques. 

Le  SIL  3 reunit  dans  un  meme  boitier  les  deux  gyroscopes  GAM  3,  les  trois  accelerometres , les  circuits 
de  bondage  et  de  calcul. 

Le  gyroscope  GAM  3,  specialement  d4veloppe  par  la  SFIM,  est  un  gyroscope  deux  axes  A suspension  souple, 
construit  pour  mesurer  les  vitesses  angulaires  jusqu'A  IOO°/s  avec  une  precision  de  100  ppm  sur  la  linearitS 
et  le  facteur  d'Schelle.  Un  bondage  numerique  pennet  I'entree  directe  dans  les  circuits  de  calcul  tres 
Slabores.  L'utilisation  efficace  d'une  modAlisation  poussee  contribue  aux  performances  du  systAme. 

La  SFIM  a developpe  egalement  les  moyens  de  simulation  et  de  test  qui  permettent  de  prevoir  et  de 
controler  lea  performances  du  systSme  pour  les  diffSrentes  ambiancas  prfivues  A l'utilisation. 

1 . HISTORIQUE 

C'est  en  1972  que  la  SociSte  de  Fabrication  d’ Instruments  de  Mesure  (SFIM)  dont  I'activite  principals 
est  consacree  A I'Stude  et  A la  realisation  d'equipements  gyroscopiques , a rdellement  debute  dans  I'dtude 
des  systemes  strap-down  avec  le  dSveloppement  d'un  premier  gyroscope  A suspension  souple  accords  de 
conception  entiSrement  originale. 

Le  Gyroscope  Accords  Miniature  GAM  1 est  actuellement  rSalisS  en  sSrie  pour  uu  grand  nombte  d'appli- 
cations.  C'est  un  gyroscope  robuste,  de  conception  trSs  simple  at  de  realisation  trSs  Sconomique  (Figure  1), 
dont  les  caraccSristiques  peuvent  varier  suivant  les  modSles  : 


(1) 

De 

1 A 

SOVh 

pour 

la  ddrive  jour  A jour. 

(2) 

De 

15  A dOOVs 

pour 

la 

vitease  de  precession. 

(3) 

De 

0,2  A 

0,5  Z 

pour 

la 

lindaritd  du  facteur  d'dchelle 

II  est  principaleracnt  utilisS  pour  la  stabilisation  fine  des  systAmes  de  visSe  et  conduites  de  tir 
(optique,  tSlSvision,  infrarouge,  radar)  et  la  mesure  des  vitesses  angulaires  avec  un  bouclage  A sortie 
numSrique. 

Ce  gyroscope  est  incorporS  dans  des  systAmes  de  guidage  strap-down  pour  les  applications  oA  le  prix 
de  revient  eat  plus  important  que  les  performances. 

(1)  Le  SIL  I (Figure  2)  comprend  trois  gyroscopes  dont  deux  balourdds  associds  A un  calculateur. 

(2)  Le  SIL  2 (Figure  3)  comprend  deux  gyroscopes  et  trois  accdldromAtres  associds  A un  calculateur. 

En  197A  la  SFIM  commence  le  ddvcloppement  du  systAme  strap-down  SIL  3 destind  au  guidage  des  engins 
tactiques,  dont  la  description  fait  I'objet  du  prdsent  exposd. 

2.  PRESENTATION  GENERALE  DU  SYSTEME  SIL  3 (Figure  A) 

2.1.  Oomaine  d'Utilisation 

L'dtude  du  SIL  3 est  axde  dans  un  premier  temps  sur  le  guidage  d'un  missile  tactique.  Elle  s'applique 
aussi  au  prdguidage  de  missiles  possddant  un  autodirecteur. 

Le  systAtuo  assure  s 

(1)  La  mesure  des  vitesses  angulaires  et  des  accdldrations. 

(2)  Le  calcul  du  cap,  de  I'attitude. 

(3)  Le  calcul  des  vitesses  selon  les  trois  axes  et  du  point. 

II  pcrmet  aiusi  le  pilotage  et  la  navigation  du  missile,  en  guidage  inerticl  total,  ou  en  prdguidage 
inertiel. 


Les  objectifs  retenus  en  matiere  de  performances,  de  volume  ou  de  poids  sont  relativement  raisonnables. 
Mais  il  faut  y inclure  la  recherche  d'une  grande  robustesse,  necessaire  dans  les  conditions  d'environnement 
seveiei!  propres  aux  missiles,  d'un  taux  de  fiabilite  eleve,  d'un  cout  rdduit,  tant  3 I'achat  qu'3  la  main- 
tenance . 

Toutes  les  solutions  retenues  tiennent  compte  en  premier  lieu  de  ces  criteres. 

L' etude  du  SIL  3 a ete  decomposee  en  trois  phases  : 

(1)  Dans  un  premier  temps,  la  SFIM  a developpe  le  gyroscope  GAM  3.  Ce  gyroscope,  spScialement  dtudie 
pour  repondre  au  problSme  pose,  mais  s'appuyant  cependant  sur  1 'experience  acquise  avec  le  GAM  I 
et  le  GAM  2,  eat  un  gyroscope  accorde,  deux  axes.  II  a un  seul  anneau  de  cardan,  est  dessine  pour 
avoir  une  grande  robustesse.  II  peut  prScessionner  3 plus  de  100°/s. 

(2)  Dans  une  deuxieme  phase,  la  SFIM  realise  un  systSme  strap-down  dans  lequel  un  boitier  unique 
groupe  deux  gyroscopes  GAM  3,  trois  accSlSrometres,  ainsi  que  toute  I'electronique  necessaire  3 
la  mise  en  oeuvre  de  ces  capteurs  et  3 1' acquisition  des  mesures.  Le  dSveloppement  du  logiciel 
est  effectue  sur  un  mini-ordinateur  du  coimierce  tandis  que  se  dSveloppe  parallSlement  la  reali- 
sation des  elements  de  calcul  embarquables  SYCOMORE,  rdpondant  par  leurs  performances  Slevees  et 
leur  volume  rSduit  aux  specifications  strap-down. 

(3)  Enfin  la  realisation  du  SIL  3 est  1 'aboutissement  logique  des  phases  prScddentes,  en  ce  sens  que 
les  capteurs,  leur  Slectronique,  ainsi  que  les  circuits  de  calcul  et  d' interface  sont  regroupSs 
dans  un  boitier  unique,  constituent  ainsi  un  systSme  de  navigation  strap-down  totalement  intSgre. 

2.2.  Description  GSnerale 

Le  SIL  3 se  prSsente  sous  la  forme  d'un  boitier  de  208  x 190  x 190  mn  (Figure  6)  dont  la  masse  est 
d' environ  7 Kg. 

L'avant  du  bottler  reqoit  le  bloc  senseur  sur  lequel  sont  fixes  les  deux  gyroscopes  GAM  3 et  les 
trois  accgleromitres. 

Le  bloc  senseur  est  suspendu  par  rapport  au  bottler. 

Le  bottler  par  lui-meme  renferme  un  bloc  d' alimentation  et  un  ensemble  de  cartes  Slectroniques. 

Get  ensemble  comprend  : 

(1)  Les  boucles  d'asservissemenc  des  gyroscopes. 

(2)  Le  codage  des  informations  d'accglSration. 

(3)  Les  circuits  de  conversion  analogique/num§rique. 

(4)  Les  circuits  numSriques  d'acqulsition  et  d'gchanges  avec  le  calculateur. 

(5)  Les  £1€[  nts  de  calcul  SYCOMORE  et  leur  m&noire. 

(6)  L'interface  permettant  le  dialogue,  par  l'interm£diaire  d'un  BUS  simple,  avec  le  missile. 

La  Figure  7 donne  le  bloc  diagranse  fonctionnel  de  I'ensemble. 

Le  systime  reqoit  du  missile  son  alimentation  sous  forme  d'un  28  V batterie, 

Toutes  les  informations  reques  ou  dchangSes  sont  de  type  numSrique  et  transitent  par  le  bus. 

Le  SIL  3 ne  comprend  aucun  rAglago  fin  de  biais,  de  derive  ou  de  facteur  d'ichelle. 

Le  calibrage  est  enti3rement  effectuS  au  moyen  de  tests  semi-automatiques,  et  les  valeurs  mesurAes 
lors  dt  ces  tests  mises  en  mfimolre  par  le  calculoteur. 

De  mSme,  la  compensation  des  erreurs  des  capteurs  en  fonctlon  des  acc313rations,  de  la  temperature, 
etc...  est  entiSrement  effectuee  par  logiciel. 

Un  convertisseur  statique  assure  la  generation  3 partir  de  la  tension  28  V batterie  du  missile,  de 
toutes  les  tensions  necessaires  3 la  mise  en  rotation  des  gyroscopes,  3 1 'excitation  de  leurs  detecteurs  de 
position  angulaire,  3 I'alimentation  des  acceierom3tres  et  de  I'ensemble  des  circuits  eiectroniques. 

Les  signaux  deiivres  par  les  detecteurs  de  position  angulaire  des  gyroscopes  sont  utilises  pour 
commander  les  moteurs  de  precession  par  I'lntermediaire  de  boucles  binaires,  fonctionnant  en  modulation  de 
largeur. 

Cheque  boucle  comprend  des  correcteurs,  une  source  de  courant  tr3s  precise,  un  commutateur  en  H,  ainsi 
que  les  circuits  logiques  associes. 

Les  acceieromStres  sont  des  acceieromStres  "secs"  pendulaires  boucles  en  continu.  Leurs  informations 
de  sortie  sont  converties  en  increments  de  vitesse  par  des  circuits  de  codage  qui  sont  eux  aussi  binaires, 
et  3 modulation  de  largeur. 


Afin  de  permettre  la  compensation,  par  logiciel,  des  erreurs  des  capteurs,  un  convertisseur  analogjque/ 
numerique  multiplexe  prend  en  compte  les  informations  d'ecart  rSsiduel  des  gyroscopes,  ainsi  que  la  tempe- 
rature de  cheque  gyroscope  et  de  chaque  accelerometrc. 

La  mesure  de  la  periode  de  rotation  de  chaque  toupie  permettra  de  corriger  les  erreurs  dues  au  pheno- 
mSne  de  "wheel-hunting"  des  gyroscopes. 

L'ensemble  des  mesures  ainsi  effeccuees  est  acquis  en  multiplexe  pour  etre  transmis  au  SYCOMORE, 
associe  d ses  memoires  ROM,  RAM,  et  EAROM. 

Les  circuits  d'interface  assurent  le  dialogue,  par  1 ’ intermediaire  du  BUS,  entre  SYCOMORE  et  le  missile. 
3.  DESCRIPTION  Dy  SYSTEMS 

3.1.  Le  gyroscope  GAM  3 

Le  capteur  gyroscopique  est  certainement  I'dl&nent  le  plus  difficile  3 realiser  dans  un  systSme  inertiel 
strap-down  ; en  effet,  il  doit  posseder,  en  plus  des  qualites  demandees  3 des  gyroscopes  classiques  montes 
sur  des  supportc  asservis  en  rotation,  une  capacity  de  precession  3 des  vitesses  angulaires  SlevSes  de 
I'ordre  de  plusieurs  dizaines  de  degrAs  par  seconde,  autrement  dit,  il  doit  etre  3 la  fois  un  bon  gyroscope 
et  un  excellent  gyrom3tre. 

5.1.1,  Perfonrfinaee 

Le  capteur  gyroscopique  utilise  dans  la  reference  inertielle  SIL  3 est  un  gyromBtre  asservi  deux  axes 
3 joint  souple  accorde  monocardan  ; il  est  muni  d'un  moteur-couple  de  precession  galvanometrique  (voir 
Figure  8). 

Ses  principalea  caracteristiques,  donnees  par  le  tableau  1 ci-dessous,  peuvent  aubir  quelques  variations, 
en  function  de  1 'application  envisages  pour  le  systSme. 
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3.1.2.  DStails  Toahnologiques  (Figure  9} 

Le  GAM  3 est  constitue  essentiellement  (voir  Figure)  d'une  part  d'un  corps  rlglde  sur  lequel  est  fixe 
le  moteur  d'entrulnement  (spin  motor)  3 hysteresis  multipolaire,  les  4 circuits  des  detecteurs  angulaires 
de  position  3 reluctance  variable,  les  4 bobinages  des  moteurs-couples  galvanometriques  X et  Y ; d'autre  part, 
d'un  element  tournant  comprenant  un  axe  relie  3 la  partis  fixe  par  2 roulements  precontrainta  et  au  volant 
par  un  cardan  souple  compense. 

Le  volant  est  constitue  essentiellement  de  4 couronnes  monobloc  d'aimants  permanents  au  Samarium 
Cobalt  et  de  2 cyllndres  en  acier  doux  pour  reformer  le  circuit  magnetlque. 

Le  champ  radial  crSe  par  ces  aimants  permanents  mobiles  agit  sur  les  bobinages  fixes  situSs  dans  les 
entrofers  pour  exercer  les  couples  necessalres  3 I'obtention  des  fortes  vitesses  angulaires  de  prCcession. 

La  princlpale  caractfirlstique  de  ce  gyrondtre  2 axes  est  sa  simplicity  de  rdallsation  et  par  consequent 
son  faible  coQt  compte  tenu  de  ses  performances  : en  effet,  la  partle  la  plus  ddlicate  qul  est  1' articulation 
du  volant  est  realisle  3 I'aide  d'un  joint  souple  monocardan  constltufi  de  quatre  "bras"  de  section  cruci- 
forme  dont  2 sont  relids  3 I'axe  d'entrainement  par  une  fourche  , les  2 autres  dtant  fixis  sur  le  volant  ; 
I'anneau  interm3diaire  qul  relle  les  2 axes  du  cardan  a des  dimensions  tr3s  rCdultes  qui  lui  conf3rent  une 
Inertie  tr3s  faible  autour  de  I'axe  du  spin  : la  compensation  des  couples  de  rappel  dlastlque  du  cardan  est 
obtenue  par  2 petites  masses  vissdes  de  part  et  d'autre  de  I'tnneau  interm<dialre. 


Ce  joint  aouple  de  disposition  originale  eat  realise  trSs  simplement  d'une  seule  piece  par  Slectro 
erosion  ; il  donne  toute  satisfaction  pour  les  performances  recherchSes  du  gyroscope. 

Le  GAM  3 est  dquipd  d'une  rfisistance  chauffante  interne  et  d'une  sonde  pour  permettre  un  prechauffage 
eventuel  du  gyroscope. 


La  butde  qui  a ete  disposes  entre  I'axe  d'entrainement  et  le  volant  enlSve  toute  fragilite  au  gyroscope. 

Parmi  les  difficultes  qu'il  a fallu  surmonter  pour  la  raise  au  point  du  GAM  3,  on  peut  citer  1' influence 
de  la  temperature  sur  les  aimants  et  la  sensibilite  magnetique  du  gyroscope. 


La  variation  de  1' induction  des  aimants  permanents  au  Samarium  Cobalt  en  fonction  de  la  temperature 
est  en  effet  de  I'ordre  de  5.10“^  par  degre  centigrade  ; un  shunt  magnetique  corrige  la  quasi  totalitS  de 
cette  variation.  Le  residu  est  annule  par  compensation  dans  le  calculateur  du  facteur  d'echelle  des  moteurs- 
couples  en  fonction  de  la  temperature  mesurSe  du  volant. 


Pour  dliminer  1' influence  de  1 ' environnement  magnStique,  le  gyroscope  est  ferme  par  un  boitier  servant 
de  blindage  magnetique. 


3.2.  L'accdldromStre  MICAL  (Figure  10) 


3.2.3.  PrHnoipe 

L'accSlerom?tre  utilise  dans  le  systSme  SIL  3 est  le  "MICAL"  ddveloppd  par  la  Societd  Franqaise 
d 'Equipements  pour  la  Navigation  Aerienne  (SFENA).  C'est  un  accdlSrom&tre  miniature,  de  classe  100  ppm,  d'un 
cout  de  production  faible  obtenu  par  une  analyse  minutieuse  de  la  valeur,  et  par  la  reduction  ou  la  suppres- 
sion des  opdrations  de  rSglage. 

L'accdleromStre  MICAL  fonctionne  selon  le  principe  du  pendule  asservi,  3 un  degre  de  libertd  et  3 
amortissement  Slectronique  (single  axis,  pendulous  force  balancing  system). 

Un  pendule  3 rappel  Slectromagndtique,  suspendu  par  deux  barres  flexibles  formant  une  charniSre, 
constitue  I'dlSment  sensible. 

Toute  acceleration  appliqufie  suivant  I'axe  de  mesure  tend  3 ecarter  le  pendule  de  sa  position  d'equi- 

libre. 


Un  dStecteur  d'ecart  angulaire,  de  type  capacitif,  dSUvre  un  signal  alternatif  dont  la  phase  et 
I'amplitude  sont  fonction  de  I'ecart  mesurd. 

AprSs  amplification,  demodulation,  filtrage  et  correction  de  phase,  ce  signal  est  intdgre  et  applique 
sur  un  amplificateur  de  puissance  3 courant  continu.  Celui-ci  engendre  dans  la  bobine  de  rappel  du  moteur- 
couple  3 aimants  permanents  et  dans  la  resistance  de  mesure  le  courant  necessaire  pour  §qullibr«r  I'action 
de  1 'acceleration  et  ramener.le  pendule  dans  sa  position  initiale. 

.T.2.2.  Caraot^HatiqueB 

L'acceieroroStre  MICAL,  avec  son  dlectronique  d'asservlssement  incorporde,  se  prdsente  sous  la  forma 
d'un  paralieiepip3de  de  36  x 20  x 23,5  mm. 

Sa  masse  est  de  60  g. 

L'allfflontation  necessite  une  source  de  tension  + IS  V. 

La  miso  en  oeuvre  est  instantande.  Aucun  prechauffsge  n'ost  necessaire. 

La  ganme  des  temperatures  de  fonctionnement  est  de  -30  3 *95*C, 

Le  domains  de  mesure  est  do  ^15  g,  avec  un  facteur  d'echelle  de  0,5  V/g. 

3.3.  Support  des  Capteurs 

Le  support  des  capteurs  (Figure  11)  est  constitud  d'une  structure  sur  laquelle  sont  fixds  les  deux 
gyroscopes  et  les  trois  acceierois3tres. 

Les  gyroscopes  ont  leurs  spins  3 90*  I'un  de  1* outre,  et  leurs  axes  de  mesure  sont  placds  3 45*  par 
rapport  auv  axes  engin. 

Ainsl,  les  deux  gyroscopes  sont  utilises  pour  mesuror  la  vitesso  angulaire  de  roulis,  un  seul  pour 
mesurer  la  vitesse  angulaire  de  tangage  ou  de  lacet.  Cette  disposition  prdsente  de  nombreux  avantages,  le 
principal  dtant  d'augmenter  le  domaine  de  mesure  en  roulis. 

Lea  accdieromStres  sont  placds  sur  trois  axes  rectangulalres. 

Deux  acceieromfitres  places  3 + et  - 45*  de  I'axe  de  roulis  sont  utilises  pour  mesurer  1' acceleration 
longitudinals. 

Le  support  des  capteurs  est  lie  3 la  structure  du  missile  par  une  suspension  eiastique  constitude  de 
4 plots  en  eiastornSre. 


Les  caracteristiques  de  la  suspension  aont  adaptees  en  fonction  de  I'utilisation.  D'une  faqon  generale, 
elle  doit  permettre  d'isoler  les  capteurs  dea  chocs  et  des  vibrations  S frequence  SlevSe,  tout  en  n'intro- 
duisant  pas  de  dgphasage  ou  de  mouvement  angulaire  parasite  3 frequence  basse.  Dans  tous  les  cas,  la  suspen- 
sion ne  doit  pas  engendrer  de  mouvement  conique. 

Les  dimensions  du  support,  equipe  de  ses  capteurs  sont  de  ISO  x 65  x 65  mm. 

3.4.  Electronique 

2.4.1.  Fomtiona  GinSralea  (Figure  12) 

(1)  Un  convertisseur  statique  reqoit  la  tension  28  V continu  venant  de  la  batterie  du  missile. 

II  genSre  les  diffSrentes  tensions  continues  nScessaires  au  fonctionnement  du  systSme.  L'ensemble 
de  ces  tensions  est  isolc  galvaniquement  de  la  source  28  V. 

La  puissance  delivrSe  est  de  I'ordre  de  80  W en  rSgime  permanent  et  peut  atteindre  200  W en  Crete. 

Les  circuits  comprennent  : 

(a)  une  alimentation  3 dScoupage  28  V/  20  V 

(b)  le  convertisseur  proprement  dit,  fonctionnant  3 12  kHz 

(c)  un  ensemble  de  rSgulateurs 

(2)  Les  gyroscopes  ont  une  vitesse  de  rotation  de  320  Hz  environ.  Ils  utilisent  des  moteurs  d'entrai- 
nement  triphas6s,  synchrones,  3 hysteresis,  ayant  4 paires  de  poles. 

L'alimentation  Oe  ces  moteurs  reqoit  une  frequence  d’entrSe  de  7.680  Hz  obtenue  par  division,  3 
partir  de  I'oscillateur  principal.  Un  diviseur  par  6,  suivi  d'un  registre  3 decalage,  produisent 
6 signaux  logiques  3 1.280  Hz  de  rapport  cyclique  1/3,  decaxes  de  1/6  de  periode  les  uns  par  rapport 
aux  autres. 

Ces  signaux  logiques,  associSs  deux  3 deux,  commandent  les  trois  amplif icateurs  de  puissance 
fonctionnant  en  mode  saturS  bloqud. 

Les  deux  gyroscopes  utilisent  des  frequences  diffSrentes,  decaldes  de  3.10~^. 

(3)  Les  enroulements  primaires  des  detecteurs  de  position  des  gyroscopes  sont  excitds  3 une  frequence 
de  50  kHz,  en  tension  sinusoldale. 

Un  signal  logique  3 50  kHz,  issu  par  division  do  I'oscillateur  principal,  cat  envoyd  3 un  filtrc 
seiictif  dont  la  sortie  fournit  directement  la  puissance  necessaire.  Une  detettion  associee  3 une 
boucle  de  regulation  assure  la  stabilite  de  la  tension  de  sortie. 

2.4.2.  Boualage  dea  Gyroaoopea 

Le  bouclage  des  gyroscopes  est  realise  par  une  consnando  quantifide,  binairo.  fonctionnant  en  modulation 
de  largeur  (Figure  13).  Le  choix  de  cette  mCthode,  de  prefeiencc  3 colle  du  bouclage  tornaire,  ou  du  bouclage 
continu  suivi  d'un  codago,  a dtd  fait  en  fonction  des  critdres  suivants  : 

(1)  Regime  thermique  constant  : cette  mdthode  est  cello  qui  permot  le  mioux  do  minimiser  les  erreurs  duos 
aux  variations  do  compdraturos  lidos  3 la  vitesse  d'ontrdo. 

(2)  Relative  simplicitd.  Do  plus,  la  sortie  se  fait  directement  en  numdriquo,  sous  forme  d'incrdmonts 
angulaires.  II  n'y  a pas  de  circuits  de  conversion  extdriours  3 la  boucle. 

(3)  Excellentc  resolution. 

(3)  Bonne  lindsritd  et  bonne  symdtrio,  en  particulicr  autour  du  zdro. 

(5)  Fonction  de  transfert  proche  de  cello  d'une  conmando  analogiquo. 

La  realisation  pratique  des  circuits  de  bouclage  rdpond  par  aillours  3 des  critdres  fondomentaux  : 

(1)  Respect  dea  specifications  de  precision  ddfinies  lors  de  I'dtude  thdoriquo. 

(2)  Maintien  de  la  puissance  dissipde  3 un  niveau  raisonnable.  Co  point  nous  a d'ailleurs  conduits  3 
rdsliser  une  commando  3 deux  niveaux  do  courant  avec  comsutation  automat ique. 

(3)  Respect  dea  specifications  do  gain  et  do  bands  passanto  ndeeasaires  3 l'ensemble  du  systdme. 

L'dtudc  thdorique  d'uii  bouclage  binaire  adaptd  et  optimise  pour  un  gyroscope  accordd  deux  axes  a 
Conduit  la  SPIN  3 rdaliser  un  ensemble  do  simulations  roproduisant  to  plus  exactement  possible  le  comportemont 
d'un  tel  gyroscope. 

Par  ailleurs,  une  mdchode  d'anslyse  originslo  a dcB  devoloppeo.  Cette  m6thode,  faisant  appel  3 des 
fonctions  de  transfert  complexes  pormet  I'utilisation,  sur  des  systSmes  3 deux  axes,  des  lieux  complexes  do 
NYQUIST  ou  de  BUCK. 

Appliqude  dans  un  premier  temps  3 I'dtude  do  stabilitd  et  3 1 'optimisation  d'un  bouclago  analogiquo, 
cette  mdthode  a ddmontrd  une  excellente  co^rdlatiun  avec  les  rfisultats  oxpdrimcntaux.  Cette  memo  mfthode, 
adaptde,  a €td  ensuite  utilisde  pour  la  ddfinitlon  des  corrocteurs  de  la  boucle  binaire.  Les  rdsultsts  obtenua 
ont  dtd  confirmis  tant  en  simulation,  que,  plus  tard,  oxpdrimcntalement. 

La  Figure  14  donne  un  oxemple  des  rdsultats  obtenus. 


L'aspect  general  de  la  boucle  eat  donng  par  la  Figure  tS. 

(1)  Lea  dStecteurs  de  position  du  gyroscope  delivrent  deux  tensions  alternatives  proportionnelles  aux 
dcarts  en  X et  en  Y. 

(2)  Ces  tensions  sont  prSamplifiSes,  d£nodulees,  filtrSes. 

(3)  Des  circuits  de  compensation  croisSe  realisent  une  fonction  de  la  forme  : 

Vsx  “ 3 Vex  ” *>  Vey 
Vsy  “ a Vey  + b Vex 

lls  sont  completfis  par  des  correcteurs  X action  proportionnelle  et  intigrale. 

(A)  La  tension  de  sortie  du  correcteur  integral  eat  comparSe  X une  rampe,  puis  synchronisde  par  une 
bascule  pour  genSrer  un  signcl  loglque  moduli  en  largeur. 

Ce  signal  logique  est  traitb  pour  limiter  les  valeurs  extremes  du  taux  de  modulation,  et  deter- 
miner les  changements  de  niveaux  de  courant  ; il  est  ensuite  utilise  pour  commander  le  passage  en 
positif  ou  en  negatif  d'un  courant  de  reference  lo  dans  1 ' enroulement  du  moteur  de  precession. 

La  comsutation  du  courant  est  tealisee  par  I'intermediaire  d'un  ensemble  de  transistors  montes 
en  H. 

Le  courant  de  reference  est  gendre  par  une  source  de  courant  utilisant  une  diode  Zener  I trSs  haute 
stabilite  suivie  d'ampllf icateurs  operationnels  et  de  transistors  de  puissance.  La  reponse  dynamique 
de  cette  source  de  courant,  Intervenant  prlncipalement  lots  des  cocDnutations  du  H,  est  un  para- 
mStre  important. 

Le  cosnutateur  en  U est  dessine  de  faqon  A minimiser  les  ^changes  de  courant  entre  circuits  de 
commande  et  circuits  commandos.  II  doit  par  ailleurs  consuter  rapidement  et  presenter  des  fuites 
aussi  failles  que  possible  dans  lea  branches  verticales  du  H. 

L'ensemble  de  la  chatne  de  bouclage  a une  bande  passante  de  SO  Hz.  La  ftSquence  du  cycle  limite 
est  de  800  Hz.  Le  poids  de  I'lncriment  angulaire  est  de  0,7  seconde  d'arc  en  mode  lent  et 
3,6  secondes  d'arc  en  mode  rapide. 

,4.3.  Conoeraione  A/N.  I’ntet'faae  Caloulatew' 

(1)  Les  accdldromdtres  du  SIL  3 sont  bourUs  en  continu.  Les  informations  d'acc£16rations  sont  done 
des  tensions  continues  qui  sont  converties  en  inerfiments  de  vitesso  par  un  eodeur  binaire  utilisant 
la  modulation  do  largeur  (Figure  16). 

La  prdcision  statique  et  les  performances  dynamiques  du  eodeur  ont  <tS  partieuli^rement  £tudi6os 
on  fonctior  de  ('application  strap-down.  L'utilisation  de  circuits  de  codage  comportant  un  bouclage 
du  28me  ordre  asst're  l'£limlnaclon  de  I'erreur  de  trainage  lorsquo  I'entrie  est  en  forme  de  rampe, 

Le  poids  de  I'lncrdment  de  vitesse  est  de  2.I0~^  m/s. 

La  frequence  de  coupure  des  circuits  de  codage  est  de  100  Ha. 

La  frequence  du  cycle  limite  est  de  800  Hz. 

(2)  La  compensation  des  informations  fournies  par  les  gyroscopes  et  les  accdldromdtrea  ndeessite  la 
prise  en  compte  par  le  calcul  t 

(a)  Des  angles  d'dcart  mesurds  par  les  dficecteurs  inductifs  det  gyroscopes. 

(b)  Dos  tempdratures  de  cheque  gyroscope  et  de  chaquo  acefildroadtre,  mesurdes  par  des  sondes 
rdsistives. 

Cette  prise  en  compte  est  rdalisde  par  1' intermddiaire  d'un  convertisseur  A/N  fonctionnant  en 
multiplexd  (Figure  16).  La  cadence  de  conversion  est  de  10  res  le  temps  total  do  converiion  de 
200  us.  Pendant  ces  200  iis  lo  convertisseur  code  successivement  les  A tensions  d'dcart,  I tempd- 
raturc,  et  3 tensions  de  test.  Un  deuxidme  multiploxeur  assure  la  rdpartitlon  sur  A cycles  de 
to  ms  du  codage  de  I'cntemblo  des  tempdratures. 

Uno  logiquo  do  sdquencement  pilote  8 la  fois  les  multiplcxours  et  I'adressage  de  lu  mdmoire  de 
rangement  recevant  les  informations  coddos  et  ataurant  leur  transfert  aux  dldments  de  calcul  par 
le  bus  interne. 

(3)  L' acquisition  de  l'ensemble  dos  informations  associdos  8 doa  modulations  do  largeur,  e'est  8 dire 
lea  A informations  dc  vitesse  angulaire  des  gyroscopes  et  les  A informations  d'accdldratlon,  eat 
rdaliade  par  un  teul  coaipteur  reversible,  associd  8 une  mdmoire  de  travail,  et  fonctionnant  en 
multiplexd  (Figure  17). 

Un  autre  cowpteur,  dgalemont  associd  8 une  mdmoire  et  multiplexd,  effectuc  la  mesurc  de  la  pdriode 
de  rotation  de  chacun  det  deux  gyroscopes.  Cette  informatiou,  prdlovde  avec  une  grande  rdsolutlon, 
permettra  la  correction  des  erreurs  de  type  "wheel-hunting". 

Une  mdmoire  de  rangement  reqoit  l'ensemble  des  informations  ddlivrdea  par  lea  coupteura  et  assure 
leur  transfert  au  calculateur  par  le  bus  Interne. 

Le  dialogue  entre  le  calculateur  et  les  mdmoires  de  rangement  s'effectue  par  I ' intermddiaire  d'un 
sdrialiteur. 


3.5.  Ensemble  de  traitement  SYCOMORE 
3,5.1.  Principe 

Les  traitements  3 rSaliser  dans  le  syatSme  strap-down  SIL  3 sont  de  deux  natures  ; 

(a)  Calculs  tres  rapides  de  nature  mathematique  : 

- corrections  gyromStres 

- corrections  acceleromStres 

- dStennination  de  1' attitude  et  des  vitesses 

(b)  Calculs  plus  lents  orientes  vers  les  operations  logiques  : 

- sequencement  du  systSme 

- entrees/sorties  vers  le  panneau  de  commande  et  visualisation 

- sortie  des  informations  sur  le  bus  systSme 

- autotests  du  systSme 

Une  solution  permettant  de  traiter  I 'ensemble  du  problSme  consiste  3 utiliser  un  calculateur  universel 
rapide,  mais  cette  solution  n'a  pas  ete  retenue  pour  le  materiel  embarqufi, 

En  effet,  afin  de  minimiser  les  volumes  et  les  couts,  il  est  ngcessaire  d'utiliser  les  composants 
standards  les  plus  intSgres  disponibles  sur  le  marchc. 

La  solution  optimale  retenue  a consiste  a associer  un  microprocesseur  et  un  operateur  rapide  travaillant 
uniquement  sur  des  nombrea  flottants. 

Ces  deux  unites  de  traitement  peuvent  travaiUer  en  simultanSite,  formant  ainsi  uno  veritable  confi- 
guration bi-processeur. 

Get  ensemble  de  calcul  se  nomme  SYCiHiORE  (Systbme  de  Calcul  3 Organisation  Multi-Operatour  pour 
Realisations  Embarquces) . 

L'opgrateur  rapide  effoctue  les  tSches  de  type  a et  1«  microprocesseur  les  taches  de  type  b. 

5.5.5,  OKjaniaation  (Hpure  IS) 

Le  systgme  ost  organise  aucour  de  deux  bus  prineipaux  : 

(I)  Le  bus  mdmoirc  regroupant  IS  lignes  d'adrestes,  16  Ugnes  do  donnees  bidirectionnelles  et  un  cer- 
tain nombre  de  commaiulos  de  la  rndmoire. 

<2)  Le  bus  encrdes/sorties. 

(.ft  bus  mfimoire  est  utillsS  par  lea  deux  processeura. 

Une  logique  d'aec3s  permot  do  rosoudre  les  ronflits. 

Le  bus  entrees/sortlos  eat  gdrd  par  le  microprocesseur. 

La  memoire  ost  organisdo  en  mots  de  16  bits.  EUe  ost  partagde  en  truis  parties  : 

(1)  Les  programmes  on  mdmoire  morte. 

(2)  Lub  donndes  volatiles  en  RAM. 

(3)  Un  certain  nombre  de  donn6es  particulibrea  en  mtooire  protdgde. 

Lea  entrdes/sorties  du  syatSme  sont  constitudes  par  : 

(1)  Les  informal  ions  fourniea  par  les  gyromdtres  et  accCldromdtres. 

(2)  Le  couplage  du  panneau  do  commande  et  visualisation. 

(3)  T.a  gCnfiration  du  bus  do  sortie  distribuant  les  paraadtres  d'attitudc  et  do  navigation  vers  lea 

utilisutours. 

fA'tVane  IS) 

Los  tScbos  sont  gfirdes  par  le  microprocesseur  qul  effoctue  lui-tnSmo  les  tScbcs  les  moins  prloritaires 
ct  unus-traite  3 l'op6rateur  flottant  les  t3chot  do  calcul  rapide.  Ces  tSches  une  fois  lanedcs  sont  cntlg- 
remeni  reallsdes  par  t'opdratuur  flottant  qul  accSde  dircctoment  aux  programmes  de  traitement  en  m£tnulru. 

1.08  interruptions  sont  gdrdos  par  le  microprocesseur  qul  a la  fncultd  d' interrompro  I'opSratour  flottant 
pour  Ini  faire  exdcuter  des  tScItus  plus  priuritalres.  Le  changemenc  de  contexto  ost  alors  gdrd  par  I'opdrateur 
flottant  lul-mtime. 

L'opdratour  flottant  signalo  qu'il  a turminS  ta  t3che  par  I ' intormddiaire  d'uno  interruption  gfindrlio 
vers  le  microprocesseur. 


3.S.4.  Cccpootiviatiquea  et  Perfomanoea 


;| 


(1)  Microprocesseur 

Le  microprocesseur  utilise  poss&de  : 

(a)  Une  uuitS  de  traltement  sur  16  bits. 

(b)  Un  systdme  de  16  interruptions  hiSrarchisSes  avec  changement  de  contexte  automatique. 

(c)  69  instructions  permettant  les  traitements  sur  mots,  sur  octets  ou  sur  bits. 

(d)  Une  Vitesse  moyenne  d'instruction  de  I'ordre  de  6 ys. 

(e)  Un  bus  entrdes/sorties  sSrie. 


(2)  Opfirateur  flottant  (voir  Figure  19) 

L'opSrateur  flottant  est  une  unit6  de  calcul  microprogramnde,  manipulant  dew  nombres  flottants  de 
32  bits  dont  8 bits  d'exposant  d 2)27)  et  24  bits  de  mantisse  (dont  1 bit  de  signe). 

(a)  Prograsmatlon 

Les  tSches  de  calcul  sont  exprim6es  sous  forme  de  programmes  situSs  dans  la  mSmoire.  L'op6ra- 
teur  dispose  done  d'un  jeu  d' instructions  qui  lui  est  propre  et  de  moyens  loglciels  adaptls  i 
la  gdnSration  des  prograones  de  calcul  (compllateur) 

(b)  Microprogramoation 

A chaque  instruction,  correspond  un  microprograsne  realise  li  I'aide  de  micro-instructions. 
L'cnchainement  des  micro-instructions  est  gSrS  par  un  microsequenctur  pouvant  adresser 
512  mots  de  mfmaire  de  microprogranne.  Afin  d'obtenir  la  meilleure  rapiditS  d'exScution  possible, 
il  n'existe  pas  i proprement  parler  de  jeu  de  micro-instructions.  Une  micrc-instruction  est 
decrite  par  un  mot  de  72  bits  rfpartis  en  plusieurs  champs  indipendants,  exprlmant  des  codes 
composis  ou  des  microcoemiandes  discretes. 

Get  arrangement  perswt  de  decrire  plusieurs  actions  simultanies,  et,  par  consiquent,  entrains 
un  accrois8«wnt  sensible  de  la  vitesse  d'exicution  des  microprograaeiet  optimisis  au  mieux, 

Des  dispositions  partieuliires  ont  iti  prises  pour  que  la  microprogrammation  pulsse  disposer 
de  constantes,  ce  qui  est  particuliirement  intiressant  pour  I'exicution  d'instruction  complexe. 

A I'aide  des  moyens  particuliers  on  peut  rialiser  des  mieroprograaiaes  S la  demands. 

(c)  Uniti  de  traitement 

Dana  un  but  de  simplification  des  matiriels,  I'opirateur  de  base  est  9 32  bits,  dont  8 bits 
riservis  1 I'exposant  et  24  bits  riservis  I la  mantisse.  11  utilise  les  iliments  LSI  AMD  2900. 
Fondwcntalement,  I'uniti  de  traitement  est  organiiie  egowe  une  machine  3 pile.  8Ue  comprend 
une  unitd  aritbndtique  et  logique,  une  pile  d'opdrandea  flottanta  A 8 erana,  utiliade  dans  la 
plupart  des  initructiona,  et  une  mdmoire  registre  de  8 registrea  banalitda  dimt  certains  sont 
•pdci.nlisds  (compteur  ordinal,  baae  d'adraasage,  index)  et  lea  autrea  utiUada  coexaa  mtonire 
rspida  de  travail. 

(d)  Teetpe  d' execution 

Ua  opdrationa  a'effectuent  eaeentiallement  tur  pile.  Lea  teag>t  d'exdcution  aaximaux  sont  lea 
suivantc  (avec  mdmoire  rapids  bipolaira)  i 


Addition  flottanta  6 Us 

Multiplication  flottanta  7 us 

Push  ou  pull  da  la  pile  2,4  Ua 
Sinus,  arc  tangents  SO  us 


d.i.6.  Cdndnatitw  du  U^iaiel  (Hfiure  SOJ 


Afin  de  faciliter  I'dcriture  dea  prograntses,  on  a dSfini  un  aoua-enssmble  du  FOSTRAM  auaceptible  d'Stra 
compiU  pour  une  execution  tur  I'opdrateur  flotiant. 


L'intfrSc  du  FORTRAN  rdside  dsns  le  fait  qu'it  permet  une  dcriture  aiade  des  programmes  de  calcul  et 
donne  la  posaibilitd  d'offectuer  une  mite  au  point  sur  la  plupart  des  cslculatcurs. 


Les  progrssBes  testSs  soot  ensuite  compilds  afin  de  gdndrer  un  prograaBS  objet  auaceptible  d'Stre  exd- 
cutd  tur  SYCONORE. 


Get  prograsnet  sont  attocids  aux  programmes  dcrits  en  sstembleur  pour  It  microprocesseur  et  sprdt 
idition  de  liens,  its  sont  ebargds  dans  la  adewire  do  SYCONORE. 

Un  tystdme  d'aide  3 la  mite  su  point  permet  ensuite  de  faire  fonctionner  le  ayatdato  en  tempo  rdel  tout 
en  I'aatociant  3 des  moyens  inforaatiquet  de  contrSle. 

3.6.  Logiciel  d'Application 

Prinoipao 

Le  logiciel  d'application  a dtd  ddfini  pour  rdpondre  aux  application!,  trda  gdndralea  eltdea  plus  bout. 

On  a tenu  compte,  bien  sOr,  de  caraetdrittiques  de  la  mission  (durde.  de  vol,  ambisnees  dynsmiques  lind- 
airea  at  sngulsirea).  L'objectif  est  le  suivsnt  t U logiciel  ns  doit  pas  spporter  d'erreur  propre  supdrieure 
3 lOX  de  I'erreur  totale  du  systdme. 


Une  etude  prealable  trSa  complSte  du  fonctionnement  d'un  gyroscope  sec,  et  d'un  acceldrometre  pendu- 
laire,  en  ambiance  dynamique  sdvSre,  nous  a conduit  3 ddfinir  des  algorithmes  de  corrections  d'erreurs  trSs 
complets.  Par  ailleurs,  la  bande  passante  clierch4&  (>  30  Hz)  nous  imposait  une  cadence  minimale  pour  les 

principaux  algorithmes  de  calcul. 


L'optimisation  du  logiciel  a porte  essentiellement  sur  : 

(I)  La  minimisation  du  volume  et  du  temps  de  calcul. 


(2)  La  modularisation  du  programme  : de  cette  faqon,  les  aemes  modules  principaux  peuvent  etre  reuti- 
lises pour  les  d'verses  sequences  de  vol  (alignement,  calage,  tir,  ...). 


Les  divers  modules  (sequences  de  calculs,  algorithmes)  sont  dSclenches,  suivant  lescas  : 

(1)  Par  interruption  externe  provenant  du  bloc  senscur. 

(2)  Par  interruption  interne  programnde. 

(3)  Par  flag,  3 I’intdrieur  d’un  mcme  progranne. 

On  peut  dScrire  rapidement  los  principaux  modules,  et  leurs  cadences  assocides,  dans  deux  cas  : 

(1)  Vol  (tir)  de  I'engin. 

(2)  Alignement  du  syst^me  tors  d'essais  en  vol  sur  avion  de  transport  civil. 

Vol  de  I't'nffin 

Un  train  d*  interruptions  vcnant  du  bloc  capteur,  synehro.pisc  le  calcul  “temps  fdel*'  : 

(1)  Acquisition  des  informations  gyromltriques  incrementales  ; compensation  des  erreurs  de  facteur 
d'eehelle  suivant  on  modfele  d’erreup  memorise.  On  aequiwrt  en  m5e»e  temps  quelqoes  informations 
annexes  (ddca'.ages  des.  toupies  gyro. ... ) 

Cadence  100  He 

<2)  Acquisition  des  informations  incrdmeniales  aecdldromdtriquas  (et  des  temperatures)  coapefisat ion 
(A  I'aide  d'un  modjle  irdmorisd)  des  erreurs  de  facteur  d'dchelle, 

Cadence  30  H« 

())  Compensation  dee  erreur.s  dynamiques  des  gyromAtres  et  accdldremAtres  (on  utilise  des  tsedAles  de 
(otunipnnem'<nt  bien  connua,  pour  un  gyro  sec  et  un  acedtdreesAcre  pendulaiie). 

Cadence  30  He 

(4)  Calcul  de  I'aitiiude.  On  utilise  la  reprdsentat ion  maihdaatique  par  les  quaternions  (4  par^tres)  t 
la  variatiUK  du  quaternion  en  fonccion  de  la  Vitesse  angulaire  wesurde  dans  les  axes  eitgin  (v)  eat 
bieo  ronnue  : 

t 

y » q-  0 , V 

T • 

• 0 “ (di.  d?.  d).  di) 

One  intugratinn  numdrtquy  du  trnisiAssr  ordre,  cenpensde  pour  les  arcelerations  anf.ulatres,  suffit 
pcur  tcs  perfomances  cherrHdes. 

Cadence  30  Ha 

(3)  te  quaternion  calruld  par  integration  nusteridHr.  est  rorrigd  3 intecvallee  rAgulier.*  pour  tenir 
cempte  des  derives  lentes  (derives  des  eyrosropes  e<»  accdlAraiiottx,  ealCuldes  suivant  un  andAle 
Recorisd  i pfoceesion  du  ifibdlro  de  navigation,  et  rotation  lerre).  On  caleulo  cnsuite  la  oairice 
4‘atiittide  (fonetion  de»  eotoposante*  do  quaternion' . H diani  le  triddre  de  navigation  t 

q,^  ♦ qj*  - qj^  - q4‘  dVd2d3  ‘ Hdl)  JCdJd*  * dtdj) 

c a • Jididj  ♦ djda)  di^  - dt^  * dj^  - 'U*  3(qjd4  - q|d2) 

J(d2d4  “ did})  . d(dj*u  ♦ didj)  dt^  - da^  “ ♦ da^ 

Cadence  .23  Its  ■ 

(6)  Avsnt  d'effect'icr  !e  diangessent  d.Vaxes  B * K sur  les  intrAments  de  vitesse  fournis  par  le*  accdld- 
rometres,  ou  compotise  j'errear  de  cuwiutabitii%1,  duo  A I ' intdgration  dans  un  triAdre  mobile, 

Cadenirc  23  He 

(7)  On  effoctuc  ensuite  les  calculs  de  navigation  clas.siques  (viCetac,  (xiinc,  .,.)  A une  cadouce  de 
12,3  Hs,  ou  moins. 


(8)  9'dutre*.  tAches  pourront  8tre  offvctuAes  A quetques  H«. 

(a)  Traitcmoiit  des  totpydraturus  (le*  senseurs  sunt  eioddlisds  en  toopdrature) . 

(b)  Test  do  validici!  sur  nortainos  aesuros,  qui  porBottent  do  so  branchor  sur  dot  procedures  do 
cuapensatloti  sp/iciaies< 


(c)  Sortie  sur  but  engin. 

La  Figure  21  resume  1 'organisation  du  logiciel  pour  la  phase  VOL  ; la  Figure  22  en  donne  le  sequen- 
ceoent  "taaps  rfiel". 

Le  volume  de  calcul  peut  se  rfisumer  ainsi  : 

(a)  100  additions  * 100  multiplications  en  flottant  24  4 8 bits  d effectuer  par  pas  de  10  ms. 

(b)  Occupance  du  calculateur  SYCOMORE  de  I'ordre  de  SOX. 

3.S.3.  Alignment 

Le  mode  d'alignenent  du  SIL  3 depend  esaentiellement  du  type  de  mission  attribud  au  missile,  et  ne  peut 
done  ittt  ddfini  a priori. 

Toutefois,  dans  le  cadre  des  essais  en  vol  effectuSs  sur  un  avion  de  transport  civil,  un  alignement 
en  vol  par  comparaison  avec  lea  Informaeions  delivrees  par  la  centrals  inertielle  de  rdffirence  a 8t£  prevu. 

Cette  procedure  est  ddcrite  au  Paragraphs  4. 2. 3. 3.. 

4.  DEVELOPFEMENT  ST  MISE  EN  OEUVRE  DU  SYSTEMS  SIL  3 

Le  diveloppement  du  systime  SIL  3 a ndeessitE  la  mise  en  oeuvre  d'outils  divers,  parmi  lesquels  : 

(1)  Un  entoable  de  eimulations  du  systdme. 

(2)  La  dEiinition  des  mdthodes  d'essais  et  des  moyens  aasocida. 

4.1.  Simulations 

Une  simulation  des  diverses  parties  du  ayetdae  SIL  3 a etd  ddveloppde.  Le  but  de  cette  siaatUtioo  est 
triple  i 

<l)  It  s'sgit  event  tout  de  bieo  eosqirendre  le  r8le  des  divers  dlle>ents  coese  source  d'erreur,  a(in 
d'en  dooner  une  ddfinition  optioale  ibouelage  nundrique  des  gyrocadtrea,  logiciel,  ...). 

<2)  Cette  simulation  fouroit  une  dvaluation  dea  perforaaoces  du  syst^,  pour  toutea  coadiiion«i  de 
(onctionnemeot. 

<3)  Lea  rdsttltste  de  ces  sisiuletions  sont  compares  aua  mesufes  obtenues  au  tours  des  essais.  Cela  a 
eonduit  g une  identilication  d'un  meddle  de  SIL  3,  pour  diversce  ambiancee  dynamiques. 

On  peut  cittr  coswe  aisstlations  partiallea  efieetudea  i 

<l)  Simulation  du  gyroscope  evac  son  bouetage  ivtmdrique.  Cela  a eonduit  4 une  optimisation  de  la  bnucle 
complite  (bande  pataanta,  tranaitoiree,  comportesumt  dynamique  du  gyroscope),  Un  example  de  rdptmse 
du  gyrosiSirG  <14M  3,  4 un  debelon  de  vitcaee  angulaire,  eat  montrd  Figure  33. 

(2)  Simulation  du  logiciel  tpdciXique  (intdgratloo  de  I'attitode,  changeMni  d'aees  sur  lea  inerdmanta 
de  viteaac  ...)  ; le  traitesMot  mathdmatique  dea  inlormationa  a ainai  dtd  vdritid. 

(3)  Siasilstion  des  proeddurea  d'alignement  cn  vol  utilitdas  tors  des  essaia  (diltre  de  Kaltsan,  ddfini 
tuivant  le  thdorie  expoadc  au  Faragraphe  4. 3. 3. 3.)-  La  Figure  39  doona  un  example  d'aligaaawnt  aiuei 
rdalisi. 

(4)  <)aalquea  simuletione  annexes  (suepeosion,  noddle  tbemique  du  gyroscope  ...). 

Une  simulation  du  syatdmc  coeqilet  a dtd  effeciuda  ; la  Figure  34  donne  une  portion  de  vol~type  (vitestet 
atqtuUitaS  it  acedldratiorks)  i la  Figure  33  donne  lee  vateura  4 to  dea  ertcura  d'attitude  et  d«  point  de  sya- 
tlme  ccmplet  SIL  3. 

Uha  mdtbode  de  Nonte  Carlo  a dtd  utiUsda  pour  qualifier  le  syttdmr  en  eimulation. 

Une  mSme  portion  de  vol-cype  eat  utllisdc  plusiours  foia  cosma  antrde  4 la  simulation  du  aystdtie 
(senaeura  * lottciel).  Lea  dtvats  partmdtrca  d'erreurt  aldatoires  aont  tirds  au  hasard  auivant  une  lot  gatia- 
ate&na  f tea  valaurs  catcuUcs  dea  attitudes,  vitesaes,  et  point  ...  sont  compardes  aux  valaurs  de  rdfdrence, 
ca  qui  f<»iroit  tea  erreura  du  systdme,  pour  le  tirage  aldatoire  effectud.  La  proeddure  cat  rdpdtde,  et  fournit 
par  una  atatietiqua,  las  dcarta-type  dec  erreura  du  eyatdme  SIL  3,  pour  un  profit  de  vol  donnd.  La  Figure  34 
•cbdmatlaa  la  proeddure  employda. 

L'anaambta  da  la  aimulation  eat  ddvcloppd  en  FUXTRAN  I I'aida  d'uae  configuration  infonsatiqua  coaipranant 

(1)  Un  CPU  avee  flottant  clbld. 

(2)  Unt  coneole  da  dialogue. 

(3)  2 unitda  de  disque  t I unitd  de  bande  magndtiqua  t > Imprimante  : 1 traceur  tt  ] 1 Iccteur  de  ruban. 


4.2.  Methodes  et  Moyens  de  Test 

4.2.1.  Gyroscope 

Les  essais  classiques  des  gyroscopes  utilises  en  plateforme  portent  priacipalcmeat  sur  leur  cooportener!- 
en  accdlSration  ; 

(1)  Essais  statiques  donnant  les  tenses  d'un  meddle  en  acceleration. 

(2)  Essais  en  vibrations  linea'ires. 

L'utilisation  prevue  necessite  d'etudier  en  plus  Ic  compcrteisent  : 

(1)  Des  sioteurs-couples  (facteur  d'echelle,  stabilitd,  ligne  d'action). 

(2)  Du  gyroscope  et  de  la  boucle  en  vibrations  angulaires. 

La  SFIH  a du  se  doter  do  siethodcs  et  de  moyens  nouveaux  satisfaigaiit  d ces  exigences,  en  tenant  compte 
des  principos  suivants  : 

(1)  Hoyens  d'essais  statiques  distincts  des  dquipements  pour  les  tests  dynaniques. 

(2)  Association  etroice  avee  des  moyens  de  traitement  de  donnees. 

(3)  Ces  equipements  doivent  etre  utilisables  pour  les  essais  systdoes. 

4.2. 1. 1.  fioyene  d'esacia  atatiffuea 

Le  “banc  de  test  automatique  CAM  3“  (Figure  27)  pemet  i 

(1)  La  miae  en  oeuvre  du  gyroscope  av«c  bouclsge  aualegique  ou  nus^rique  des  axes. 

(2)  La  rdguUtion  tberoique  du  gyro. 

())  Le  condit ionneskent  de  certains  parawdtres  tels  que  temttlratures,  dcarts  d*aaservisse<seni.  couples 
de  pricession. 

(A)  La  surveillance  du  bun  (nnetionnement  et  la  gestion  des  sdcuritds. 

(i)  L'acquisition  d' « paraisdtres  sur  bande  perforce  et  sur  if»«»ri»a«te  suivant  -deux  tsodes  de  fnnciinnne- 
mentt 

son  utilisA  pour  ddienainer  les  ter^s  du  ssc-dSle  en  aeteldration.  Le  ban**  stesure  Is* 
couples  de  <Sdrive  integrds  pendant  un  teeps  dunndt  f-n»r  di^(drentes  positions  du  gyro  pat  rapport 
an  ebanp  de  posanteur. 

t4Aie  le  banc  do  test  est  assoriS  A une  table  tctimanie  1 axe  s**t  laqnetle  esi  pnsitionne  le 
eyro  dent  les  axes  sent  boucles  en  eyroaeice.  11  entoststre  les  couples  de  ptecessien  sur  t-Haque 
axe,  integros  sur  un  angle  donne,  ainsi  que  la  vitesse  de  rniaiion  tsayenne  de  la  table  peuc  le 
parcours  de  cet  an^le. 

d. 3.7.7.  > 5 ostkrn * -voe  tenets 

Les  fdsultats  de  uesures,  itansfAtos  pat  bandea  petfotAes  Sut  etdinatout  sr-nl  deppsiilleS  pat  des  s^tbndes 
stafistiques  classiqueS  capable*  de  prendfe  ett  conpte  le#  tedondaOees  pcdseftles  dans  ane  sefie  eessplAte  de 
nesutes-  (bt  Avalne  les  coefficients  les  plus  probables  des  ftndAlcs  dees ivant  le  gyroscope  en  aeedldration  cl 
ses  metcurs-ceuples,  ainsi  que  tea  incertitudes  assneiees  A ces  Coefficients. 

Deux  banrS  de  test  au'msatiqucs  ent  etc  ronsiruils  et  fonrt iennenl  actuel leMent , associes  A unc  table 
(Cocra  eu  NFV) . Le  fraitevenf  des  inf orsaat  ions  est  effectud  Sur  fflt*  11713. 

t.H.i.}.  Wi’-jfeua  i/'Fcaei'a  se; 

(bt  pemrrait  se  liniter  A I'dtude  da  ccoporionient  global  du  gyrondtre  au  ceurs  d'essais  dynaniques.  Le 
(soyen  decrit  prccedemxtient  serait  al'*rs  suffisanl.  !1  esl  plus  insiructif  de  connatire  A tbaque  instant  le 
cetsjwrienwnf  du  gyressOtre,  e«  function  des  paraXiOtres  des  coniraintes  d'enirde.  Dans  ce  but,  unc  J*rtV  .f '■t-'-jMi'- 
esnV*!  r-ijpf.fe  a etc  ■“onque  el  realiseo.  Elle  est  pilotde  par  le  processeur  raptde  SFIM  KAStliA  S,  Iravaitlanl 
aver  une  (sennire  vive  A tores  de  As  tsots  de  lb  bits.  Cette  baie  pernet  1 'acquisi t ion  des  inforeations 
ddfinies  par  le  Tableau  2. 


Tableau  2 


1^ 


( PARAMETRES 

( 

NOMBRE 

NATURE 

PRECISION 

FREQUENCE  D'ACQUISITION 
(max  en  Hz) 

( Couples  de 
( precession  gyro 
( 

4 

numerique 

12  bits 
♦ signe 

500 

^ Position  table 

1 

numerique 

20  bits 

500 

( Position  angu- 
( laire 

C 

3 

synchro 

15  bits 

500 

1 Ecarts  angulaires 
( gyro 

( Angle  de  phase 
( toupic/moteur 
( 

4 

analogique 

12  bits 

500 

2 

numerique 

12  bits 

200 

1 TempSratures 

4 

analogique 

12  bits 

80 

( Divers 

6 

120 

) 

-) 

) 

) 

j 

) 

) 

-) 

) 

) 

.) 

) 

) 

) 

-) 

) 

) 

.) 

) 

) 

-) 

) 

j 


Les  informations  sent  stockees  sur  un  enregistreur  3 bande  nagnecique,  la  mise  en  oeuvre  eat  effectuSe 
par  une  console  de  dialogue  equipee  d*une  imprimante  et  de  lecteur  de  cassettes. 

C°  moyen  d'essai  est  prgvu  pour  etre  associc  3 : 

(1)  Une  table  oscillante  I axe,  2 axes,  ou  3 axes. 

(2)  Un  pot  vibrant. 

4,2. 1.4.  Dipouillement  dea  Eaaaia  Dynaniquea 

A la  suite  d'un  essai,  on  dispose  de  toutes  les  donnges  pour  reconstituer  en  temps  diffSrS  le  compor- 
tement  du  gyrometre.  On  peut  alors  : 

(0  Etudier  le  comporteraeiit  global  de  I'ensemble. 

(2)  DSterrainar  les  terraes  d'un  mod31e  du  gyromStre  en  rotation  angiilaire  en  fonction  de  certaines  entrges 
simples  (sinusoidales) . 

(3)  Comparer  les  resultats  experimentaux  3 ceux  obterus  par  simulation  avec  procedure  de  correction  du 
modele  simule. 

Une  baie  d ' acquisition  rapide  a ete  construite  et  fonctionne  actuellement,  associ£e  3 une  table  1 axe 
(Goerz,  MPW) , 3 axes  (Carco)  ou  3 un  pot  vibrant  ; le  traitement  des  donneee  est  assur£  par  on  PDF  11/45. 

4.3.2.  Aca£  lArcmi  trea 

De  meme  que  pour  les  gyrometres,  il  est  necessaire  d'Studier  le  comportement  des  acc£16roiii3tres  en 
ambiance  statique  et  dynaniique  ("ibrstions  lineaires  et  angulaires). 

Les  coefficients  du  modSle  en  rotation  sont  mesures  sur  table  oscillante,  en  enregistrant  les  grandeurs 
d'entree  et  de  sortie  grace  3 la  baie  d 'acquisition  rapide  dScrite  ci-dessus. 

4.2.3.  Syatime 

4. 2. 3.1.  Eaaaia  Statiquec 

Ils  ont  pour  but  de  mesur»r  lea  performances  des  senseurs  placSs  dans  le  systSme  : 

(1)  Influence  mutuelle  des  senseurs. 

(2)  Positionnement  des  senseurs  sur  le  bloc. 

(3)  Comportement  thermique. 

Cossne  pour  I'Stude  du  gyroscope,  ces  mesures  sont  rSalisSes  pour  diffSrentes  positionsdu  bloc  dans  le 
ebamp  de  pesanteur,  ou  sur  table  tournai.te  1 axe.  La  saisie  de  donnSes  utilise  la  baie  d'acquisition  rapide 
decrite  ci-dessus. 

4. 2. 3. 2.  Eaaaia  Dynamiquee 

Ils  one  pour  but  do  d£finir  les  performances'  globales  du  systSme  pour  une  mission  et  des  conditions 
d' ambiance  d£terroin£es  ; 


(I)  Essais  en  oscillation  axiale  1 axe 


(2)  Essais  en  ambiance  dynamique  (rotation)  quelconque  : table  3 axes. 

(3)  Essais  en  vibrations  lineaires  sur  pot  vibrant. 

Le  systems,  couplS  3 son  calciilateur  fournit  un  resultat  lid  3 ses  performances  globales. 

4.2.3.?,  Essais  en  Vol  - Initialisation  du  SystSme 
\ 

ies  essais  en  vol  du  SIL  3 seront  effectues  sur  un  avion  de  transport  civil  de  type  CARAVELLE.  Pour 
chaque  vol  de  I'avion,  d'une  durge  de  I heure  3 1 heure  30,  plusieurs  vols  engine  durant  chacun  quelques 
minutes  pourront  ecre  simules.  Lea  resultats  seront  enregistres  sur  systSme  d'acquisition  et  d'enregistrcment 
magnStique,  et  exploites  au  sol,  en  differs. 

Le  principal  probleme  posS  par  cette  procedure  est  celui  de  I'initialisation  en  vol  du  systSme  strap- 
dovra.  La  methode  d' initialisation  en  vol  a done  fait  I'objet  d'une  etude  particuliere  rSsumee  ci-aprSs  : 

(1)  Gin&valitis 

Le  temps  de  fonctionnement  du  SIL  3 en  inertia  pure  est  du  fait  des  performances  des  instruments 
beaucoup  plus  faible  que  le  temps  moyen  de  vol  de  I'avion  de  transport  grSce  auquel  les  essais 
serent  effectues. 

Comne  il  n'est  pas  envisageable  de  poser  I’avion  routes  les  cinq  minutes  ou  de  n'exploiter  que 
cinq  minutes  d'un  vol  d'au  moins  une  heure,  il  est  necessaire  de  prevoir  des  initialisations  en 
vol.  On  pent  ainsi  au  coura  d'un  vol  effectuer  une  dizaine  d'essais  durant  cinq  minutes  chacun. 

Cette  initialisation  est  effectuee  grfice  3 I'utilisation  en  rSfSrence  de  la  centtale  inertielle 
classique  de  I'avion. 

Elle  comprend  trois  phases  distihetes  : 

(a)  Calcul  du  quaternion  initial  grace  aux  angles  d 'Euler  fournis  par  la  centralc  pui.s  dgmarrage 
du  calcul  de  1 ' attitude. 

(b)  Comparaison  de  I'attitude  calculge  et  de  I'attitude  fournie  par  la  centrale  inertielle  de 
rgftrence. 

Le  rSaultat  de  cette  comparaison  est  utilisg  pour  recaler  3 travel's  un  fiKrage  le  quaternion 
representant  I'attitude. 

(c)  Initialisation  des  composantes  de  la  vitesse  aux  valeurs  fournies  par  la  centrale  inertielle. 
Demarrage  du  calcul  de  la  vitesse  3 partir  des  informations  accgleromStrlques.  Comparaison 
de  la  vitesse  calculSe  et  de  la  vitesse  de  la  centrale  inertielle  de  rSfgrence.  Le  rgsultat 

de  cette  comparaison  est  utilisg  pour  recaler  3 travers  un  filtrage  sous-optiraal  le  quaternion 
d'attitude. 

(2)  Desafiption  des  diffivents  modes 

(a)  Le  premier  mode  ne  demande  pas  d'explication  fonctionnelle.  On  peut  dire  simplement  que  cette 
initialisation  tres  rapide  peut  laisser  subsister  des  erreurs  d'attitude  importantes  dues  a 
diffdrentes  causes  ; 

- Erreurs  des  rccopies  angulaires  de  la  rSfgrence  inertielle. 

- Defauts  d' harmonisation  des  deux  centrales  : 

. bruit  electrique  (codage  d'une  crete) 

. erreur  de  codage  de  la  recopie  (non-lincarite,  quantification) 

. vieillissetnent  de  1' information  entrainant  des  erreurs  si  I'initialisation  a lieu 
pendant  des  evolutions 

(b)  Le  second  mode  qui  ne  dure  que  quelques  secondes  permet  I'glimination  d'une  partie  de  I'erreur 
laisnde  par  le  calage  prdegdent,  et  effectue  le  filtrage  des  trois  derniers  types  d'erreurs 
qui  sont  3 frequence  relativement  Slevee. 

Le  schema  du  systeme  est  le  suivanl  : 


Colcul  dc 

I'aHi^ude 

-HO 


L'utilisation  d'un  coefficient  K nettement  inferieur  3 1 donne  au  systSme  lea  caraetdristiques 
d'un  filtre  du  premier  oedre. 

(c)  Le  troisigme  mode  qui  effectue  le  calage  fin  de  I'attitude  n'utilise  plus  les  sorties  angu- 
laires de  la  centrale  inertielle  de  reference. 


Ce  calage  fin  s'effectue  par  comparaison  de  I’accSldration  ou  plus  exactetnent  des  variations 
de  vitesses  calculdes  par  las  deux  systSmes  de  navigation.  En  effet  I'erreur  d'attitude  6<j> 
provoque  une  erreur  d* acceleration  ^ qui  est  fonction  de  1* acceleration  A : 

6K-§±Xh 

On  voit  done  qu*une  acceleration  pertaet  I’evaluation  des  erreurs  d'attitude  situdes  dans  un 
plan  perpendiculaire  5 cette  acceleration.  La  presence  permanente  de  1' acceleration  de  la 
pesanteur  donne  done  - chose  classique  - I'erreur  de  verticale.  Cependant  si  I'avion  evolue, 
une  coaposante  horizontale  de  1* acceleration  pennettra  I'evaluation  de  I’erreur  de  cap. 

On  est  done  aaend  & effectuer  une  correction  d'attitude  qui  depend  de  1' acceleration  qui 
rdgne  au  rnooent  de  la  comparaison  ; cette  correction  doit  etre  aussi  ponderdc  par  la  connais- 
sance  de  I’erreur  sur  chacun  des  axes.  Une  manilre  simple  de  rdaliser  ces  deux  actions  simul- 
tanemeut  est  1 'utilisation  d'un  filtre  de  Kalman. 


Cependant  ces  erreurs  d'attitude  dvoluent  et  ne  sont  pas  les  seules  3 agir  sur  le  systSme. 

Une  etude  complete  montre  qu'il  est  necessaire  d'utiliser  un  vecteur  d'dtat  de  dimension  39 
dont  lea  conposantes  sont  pour  la  plupart  faiblement  observables.  Comne  il  n'est  pas  conce- 
vable  d'embarquet  le  filtre  optimal  associe.  on  filimine  les  variables  faiblement  observabler, 
ce  qui  ramene  la  dimension  du  vecteur  d'etat  3 5,  dont  on  remplace  I'actlon  sur  I'attitude  et 
la  Vitesse  par  un  cheminement  aleatoire. 


II  convient  done  d'ajuster  ces  deux  grandeurs  pour  que  le  fonctionnemeut  du  filtre  sous- 
optimal  soit  correct.  Pour  cela,  on  va  comparer  la  covariance  d'et'timatipn  optlmale  Pj,  la 
covariance  estimie  Po,  nt  la  covariance  rSelle  Pj.  P.aqona-nous  dana  le  cas  d'observationa 
diaerStes.  Lea  algorltbRza  deflniasant  P.,  P2  et  Pj  en  fonction  du  temps  sont  ddfinis  dans 
le  Tableau  3 ti-dessdua.  La  premiere  llgne  eat  Juatifife  car  la  coirtetion  calcul^e  grice  au 
gain  K est  rfellenent  appllquSe  au  syst4me  par  recalage  du  quatc.-nion.  t* optimisation  du 
filtre  sous-optlmal  eat  rfalisSe  par  rdglnge  de  P.2  et  Oj  pour  obtenirt  pour  un  certain  nombre 
de  trajectoires,  les  conditions  P2  P3  et  Fj  ISgirencnt  supdrleura  3 P}. 

Tableau  3 i') 
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I Calcul  de  la 
^ covariance 
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^ Calcul  du 
I gain  K 
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^ cQvarUnca 
1 d'aatimatlon 
J aprSa  obse.— 

I vation 
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0 matrice  de  tranaitlon  tt  matrice  d'obaervatlon  Q eovatlancc  du  bruit  R covarlsnci  du  bruit 

agleeani  «ur  le  eyetame  d’obaervttion 


S.  CONCLUSIONS 

Le  SIL  3 tel  qu'il  vient  d'Stre  prdaenti,  correapond  3 une  aulucion  rapidwMnt  utiliaable  pour  le 
guldage  dea  miaailea  tactiquea. 

Ce  eyatPau  eat  actualleoant  en  essaia  au  aol,  at  aubira  ica  asaaia  an  vol  au  ddbut  da  I'annda  prochaina. 

L'application  enviaagde  aux  miaailea  tactiquea  nc  conatitue  pat  une  limitation. 

Le  ayatine  aat|  par  la  puistance  da  calcul  diaponiblt,  axtanaibla  3 btan  d'autrea  appUcatlona,  par 
exampla  t navigation  hybride,  avec  Doppler,  oadga  ....  dea  Mlicoptdrat  ou  daa  aviona  da  trenepott,  ou  encore 
guidage  de  torplllea  .... 

Sea  dimenaiona  peuvant  (galemeut  etre  forteaent  riduitee,  ear  catta  pramidra  application  na  fait  pat 
appal  3 de  I'dlactronlque  hybride.  Knfin  lee  capteura  eux-mamae  pauvant  voir  Itur  domain*  de  parformancai 
dtendu  dani  un  procha  avenir. 


(I)  MfCrence  ACAKD  lecture  airiat  82 
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STRAP-OOWN  INERTIAL,  GUIDANCE  SYSTEM 
FOR  TACTICAL  MISSILES 

bv 

G.CoMcn  - J,  Michotin 
Soci6t4  de  Fobricotton  d' Instruments  de  M«sure 
13,  avenue  Romolfo  Gamier 
91301  Mossy 
FRANCE 

SUMMARY 

Among  the  shtip-down  systems  developed  by  SFIM  from  the  various  models  of  the  Miniature  Tuned  Gy- 
roscopes GAM-1  and  GAM-3,  the  most  odvonced  is  the  SIL  3,  intended  for  exact  guidonce  of  tacticol  missiles. 

The  SIL  3 combines  in  the  one  case  tvro  gyroscopes  GAM-3,  three  accelerometers,  the  associated  loops 
and  computing  circuits. 

The  GAM-3  gyroscope,  specially  Developed  by  SFIM,  is  o dry, tuned  , two-axis  gyroscope,  built  to 
measure  ongulor  rotes  up'to  100  degrees  per  second  withlOCppm  accuracy  on  scale  factor  end  linearity. 

Direct  entry  into  extremely  eloborate  computing  circuits' is  allowed  by  digital  loop  closing.  The  efficient  use 
of  od'vanced  modelling  contributes  to  the  performance  of  the  system, 

SFIM  has  also  developed  test  and  simulation  means  vrhich  enable  the  prediction  ond  checking  of  the 
system  performance  for  the  various  environments  specified  in  its  use. 

1.  BACKGROUND 

It  was  in  1972  that  the  Company  SFIM  (Soci4t6  de  Fabrication  d'lnstruments  de  Mesure),  whose  main 
activities  were  devoted  to  the  design  ond  manufacture  of  gyroscopic  equipments,  reolly  began  the  design  of 
strop-down  systems,  with  the  development  of  o first  dry  tuned  gyroscope  of  on  entirely  new  concept. 

The  GAM  1 Gyroscope  (Gyroscope  Accords  Minioture  = Miniature  Tuned  Gyroscope) 
is  to  doy  produced  for  a large  number  of  applications.  It  is  o rugged  gyroscope,  very  simply  designed  ond  of 
very  economic  manufacture  (Fig.  I);  its  characteristics  con  be  settled  according  to  the  models  : 

(1)  From  I to  30*A  for  the  day  to  doy  drift 

(2)  From  15  to  400“/$  for  the  precession  rote 

(3)  From.2  to  .5% for  the  scoie  footer  llneority. 

it  is  mainly  used  for  fine  stobiUsotionof oimlngondfire  control  systems  (optical,  television,  infrored, 
radar)  and  angular  rotes  measurement,  with  a digitol  rebalance  loop. 

This  gyroscope  is  incorporated  in  strap-down  guidance  systems  for  applications  where  the  price  is  more 
important  than  performance. 

(1)  The  SIL  I (Fig. 2)  includes  three  gyroscopes,  two  of  them  wirhmossunbalonce,  ossociatedwitha 
computer. 

(2)  The  SIL  2 (Fig. 3)  Includes  two  gyroscopes  and  three  accelerometers  associated  with  a computer. 

In  1974  SFIM  began  the  development  of  the  SIL  3 strop-down  system  for  tocticcl  missiles  guidance. 

This  is  the  subject  of  the  present  paper. 

2.  GENERAL  PRESENTATION  OF  THE  SIL  3 SYSTEM  (Fig. 4) 

2,1,  Range  of  oppl  Icotion 

SIL  3 is  primarily  designed  for  the  guidance  of  a tactical  missile.  It  con  also  be  used  for  preguidance 
of  missiles  having  o homing  head. 

The  system  provides  ; 

(1)  Angular  rotes  and  occelerotions  moosurement . 

(2)  Heading  and  attitude  computation. 

(3)  Computation  of  velocities  along  the  three  axes  and  of  position. 

It  thus  allows  flight  control  and  navigation  of  the  missile  In  total  inertial  guidance  or  In  Inertial 
preguidance . 
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The  dims  adopted  for  performance,  volume  or  weight  are  relatively  reasonable.  But  they  are  associated 
with  the  search  for  great  ruggedness  - necessary  in  the  severe  environmental  conditions  found  in  missiles 
for  a high  degree  of  reliability,  for  a low  cost,  both  ror  purchase  and  for  maintenance. 

All  the  solutions  adopted  take  these  criteria  into  account  os  a prime  need. 

The  design  of  SIL  3 has  been  broken  down  into  three  phases: 

(1)  As  a first  step  SFIM  developed  the  GAM  3 gyroscope.  This  gyro,  specially  designed  to  solve  the 
problem  raised,  but  nevertheless  based  on  experience  acquired  with  GAM  1 and  GAM  2,  is  a two 
axis  dry  tuned  gyroscope.  It  has  a single  gimbal  ring  and  is  built  to  have  great  ruggedness.  It  can 
precess  at  more  than  100*/*- 

(2)  As  o second  step, SFlMdevelopsastrop-down system  inwhich  a single  case  contoins  two  GAM  3 
gyroscopes,  three  accelerometers  and  also  all  the  electronics  necessary  for  operating  the  sensors 
and  the  dato  acquisition.  The  soffware  development  is  performed  on  a commercial  general  purpose 
mini-computer  while  in  parallel  the  oirborne  SYCOMORE  computing  elements  are  being  developed, 
meeting  the  strap-down  specification  in  their  high  performance  and  small  volume. 

(3)  Finally,  the  realization  of  SIL  3 is  the  logical  outcome  of  the  previous  phases,  in  the  sense  that  the 
sensors,  vheir  electronics  and  also  the  computing  and  interface  circuits  are  combined  in  a single 
case,  so  forming  a folly  integrated  strap-down  navigation  system. 

2.2.  Generol  description 

The  SIL  3 is  in  the  form  of  a box,  208  x 190  x 190  mm  (Fig. 6).  Its  mass  is  about  7 kg. 

The  front  of  the  box  takes  the  sensor  unit  to  which  are  fixed  the  two  GAM  3 gyroscopes,  and  the  three 
accelerometors. 

The  sensor  unit  is  suspended  in  relation  to  the  box. 

The  box  itself  encloses  a power  supply  unit  and  a collection  of  circuit  boards. 

This  collection  comprises  ; 

U)  Gyros  rebalance  loops. 

(2)  Acce'eration  data  quantizers. 

(3)  Anelog/digitel  conversion  circuits. 

(4)  Digital  circuits  for  datf'  acauisition  and  exchange  with  the  computer  . 

(5)  SYCOMORE  computing  elements  and  memory. 

(6)  Interface  circuits  providing  the  dialogue,  through  a simple  BUS,  with  the  missile. 

Fig, 7 gives  the  functional  olruuit  diagrom  of  the  whole.  The  system  is  powered  from  the  28  volts  DC 
missile  battery. 

All  the  data  received  or  exchanged  are  digital  and  pass  through  the  bus. 

The  SIL  3 has  no  fine  bias,  drift  or  scale  factor  adjustment, 

Cclibraticn  is  entirely  made  by  semi-automatic  tests  and  the  voices  measured  during  these  tests  are  stored 
by  the  computer. 

Similarly,  sensors  error  compensotion,  (i.e.  accelerations  , temperature,  etc . .coefficients)  is  performed 
entirely  by  software. 

.A  static  invertor  provides  generation  from  the  missile  battery  28  V of  all  the  voltages  ncv:ossary  to  start 
up  the  gyroscopes,  for  excitation  of  their  angular  position  pick-offs,  for  supplying  the  accele'  ometers  and  all 
the  electronic  circuits. 

The  signals  from  the  angular  position  pick-offs  are  used  to  control  torquers  through  binary  rebalance 
loops,  working  In  pulse  width  modulation. 

Each  loop  comprises  correctors,  a very  accurate  .urrent  source,  an  H switch,  and  also  the  associated 
logic  circuits. 

The  accelerometers  are  pendulous, dry  type  wi»h  analog  loops.  Th^  ir  output  data  are  converted  into 
velocity  increments  by  the  coding  circuits,  which  are  also  binary  end  Pulse  Width  Modulated, 

To  allow  compensation  by  software  of  sensor  errors,  a multiplexed  analog/dtgttal  converter  takes  into 
account  the  residual  deviation  of  the  gyroscopes  jnd  also  the  temperature  of  each  gyroscope  and  of  each 
accelerometer. 
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The  measurement  of  the  rotation  period  of  each  rotor  will  enable  gyroscopes'Wheel  hunting‘'errors  to  be 
corrected . 

All  the  measurements  so  made  are  acquired  in  multiplex  form  to  be  transmitted  to  SYCOMORE,  together 
with  its  ROM,  RAM  and  EAROM  memories. 

The  Interface  circuits  provide  the  dialogue  , through  the  bus,  between  SYCOMORE  and  the  missile. 

3.  DESCRIPTION  OF  THE  SYSTEM 

3.1 . The  gyroscope  GAM  3 

The  gyroscope  sensor  is  certainly  the  most  difficult  element  to  realize  in  an  inertial  strap-down  system. 
In  fact,  it  has  to  have,  in  addition  to  the  qualities  required  of  conventional  gyros,  fitted  on  supports  slaved 
in  rotation,  a precession  capability  at  high  angular  rates  of  the  order  of  several  tens  of  degrees  per  second. 

In  other  words,  it  has  to  be  both  a good  gyroscope  and  an  excellent  rate  gyro. 

3.1.1.  Perfomanaea 

The  gyroscopic  sensor  used  in  the  SIL  3 inertial  reference  is  a two  axis  slaved  rate  gyro  with  a mono- 
gimbcl  flexible  joint.  It  is  provided  with  a galvanometric  torquer  (Fig. 8). 

Its  main  characteristics,  given  in  table  1 below , can  be  adjusted  according  to  the  application  sought 
for  the  system . 

Table  1 


Dimensions  diameter 

length 

52  mm 

65  mm 

Angular  momentum 

1,6  to  3,2  105  CGS 

Wheel  speed 

160  to  320  rev/s 

Run  up  time 

10  to  20  s. 

Limit  stops 

+ 30  ore  min. 

Random  drift 

0.03  to  1®A 

Angular  rates  ronge  : Permanent  + 20  to  + 50®/* 

Tronslent 

+ 100  to + 200®/$ 

3,1,2,  Teahnologioal  detaila  (Figure  9) 

GAM  3 Is  constituted  essentially  (see  fig.)  on  the  one  bond  of  a rigid  housing  to  which  is  fixed  the 
multipolar  hysteresis  spin  mr-tor  , the  4 cores  of  angular  position  sr/nsors  (voriable  reluctance),  the  4 windings 
of  the  golvanometrlc  torquers  , for  X and  Y axes,  and,  on  the  other  hand,  of  a rotating  element  comprising 
a shaft  connected  to  the  fixed  port  by  two  preloaded  bell  bearings  and  to  the  rotor  by  a compensated  flexible 
universal  joint. 

The  rotor  is  formed  essentially  of  4 samarium  cobalt  permanent  magnet  monobloc  rings  and  two  mild 
steel  cylinders  to  close  the  magnetic  circuit. 

The  radial  field  created  by  the  moving  permanent  magnets  octs  on  the  fixed  windings  placed  in  the  gaps 
to  exert  the  torques  necessary  to  obtain  high  angular  precession  rates. 

The  main  characteristic  of  this  2 -axes  rate  gyro  Is  the  simplicity  of  construction  and  so  Its  low  cost  com- 
pared to  Its  performance.  In  fact,  the  most  difficult  part,  which  Is  the  rotor  suspension,  is  achieved  by  means 
of  a mono-glmbal  flexible  joint,  formed  of  four  " orms  “ of  cruciform  section,  two  of  which  are  linked  to  the 
drive  shaft  by  a fork,  the  other  two  being  fixed  to  the  rotor.  The  intermediate  ring  of  the  glmbol  has  very 
small  dimensions,  which  gives  It  a very  low  Inertio  about  the  spin  axis.  The  compensation  of  the  torsional 
stiffness  of  the  flexure  Is  by  means  of  2 small  tuning  masses  screwed  either  side  of  the  Intermediate  ring. 

This  original  arrangement  for  the  flexible  joint  is  mode  very  simply  from  a single  piece  of  material  by 
electro-erosion.  It  Is  really  satisfactory  for  the  performances  sought  for  the  gyroscope. 

The  GAM  3 Is  fitted  with  on  Internal  heating  resistor  and  a sensor  to  enable  any  necessary  preheating 
of  the  gyroscope . 

The  stop  which  has  been  arranged  between  the  drive  shaft  and  the  rotor  eliminates  any  source  of  damage 
to  the  gyroscope. 

Among  the  difficulties  which  had  to  be  overcome  for  developing  the  GAM  3 con  be  quoted  the  effect 
of  temperoture  on  the  magnets  and  the  magnetic  sensitivity  of  the  gyroscope. 
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The  variation  of  Induction  of  samarium  cobalt  permanent  magnets  with  temperature  Is  about 
5 X 10"4  per  degree  celslus . A magnetic  shunt  corrects  olrnost  the  whole  of  this  variation  . The  residue  is 
cancelled  out  by  a calculated  compensation  of  the  torquers  scale  factor  in  relation  with  the  measured  tempe- 
rature of  the  rotor. 

To  eliminate  the  effect  of  the  magnetic  environment  the  gyroscope  is  enclosed  by  a case  which  is  used 
as  a magnetic  screen. 

3.2.  The  MlCAL  accelerometer  (Fig.  10) 

3.2.1.  Pi'inaiple 

The  accelerometer  used  in  the  SIL  3 is  the  " MlCAL  ",  developed  by  SFENA  (Soci^td  Franjalse 
d'Equipements  pour  la  Navigation  Adrienne).  This  is  a miniature  accelerometer,  of  iOOppm  class,  of  low 
production  cost,  obtained  by  careful  value  analysis  and  by  reduction  or  elimination  of  the  adjustment 
operations. 

The  " MlCAL  " accelerometer  works  on  the  principle  of  a single  axis,  pendulous  force  balancing 
system . 

A pendulum  with  electromagnetic  return,  suspended  by  two  flexible  strips  forming  a hinge,  constitutes 
the  sensitive  element. 

Any  acceleration  applied  along  the  sensitive  axis  tends  to  move  the  pendulum  from  its  equilibrium 
position . 

An  angular  capacitive  pick -off,  provides  an  a.c.  signal  of  phase  and  amplitude  in  relation  with  the 
measured  deviation. 

After  amplification,  demodulation,  filtering  and  phase  correction,  the  signal  is  Integrated  and  applied  to 
a d.c.  power  amplifier . The  latter  produces  in  the  return  coll  of  the  permanent  magnet  torquer  and  in  the 
measuring  resistor  the  current  necessory  to  balance  the  action  of  the  acceleration  and  bring  the  pendulum  to 
its  original  position . 

3.2.2.  Chavaoteriatias 

The  MlCAL  accelerometer,  with  its  incorporated  rebalarcce  electronic  is  in  the  form  of  a parallelepiped, 

36  X 20  X 24 .5  mm . 

Its  mass  is  60  g. 

The  supply  requires  a + 15  V voltoge  source. 

Operation  is  instantaneous.  No  preheating  is  necessary. 

The  operating  temperature  range  is  from  - 30®  to  + 95®C . 

The  input  range  is  + 15  g,  with  a scale  foctor  of  0 .5  V/g . 

3.3.  Sensors  mounting  block 

The  sensors  mounting  block  (Fig.  11)  is  formed  of  a rigid  structure  on  which  are  fixed  the  two  gyroscopes 
and  the  three  accelerometers. 

The  gyroscopes  spins  areat90*  to  each  other  and  their  measuring  oxes  ore  placed  at  45*  to  the  missile  oxes. 

So  the  two  gyroscopes  ore  used  to  measure  the  roll  angular  rate  and  only  one  to  measure  the  pitch  or 
yaw  angular  rate.  This  arrangement  hos  many  advantages , the  main  one  being  to  Increase  the  roll  measuring 
range. 

The  three  accelerometers  ore  placed  on  the  three  rectangular  coordinate  axes.  Two  accelerometers 
placed  at  + and  - 45*  of  the  roll  axis  ore  used  to  measure  the  fore  and  aft  acceleration. 

The  sensors  mounting  block  is  linked  to  the  missile  structure  by  an  elostic  suspension  formed  of  four 
elastomer  studs. 

The  suspension  characteristics  ore  adapted  to  the  use.  Generally  it  has  to  enable  the  sensors  to  be 
isolated  from  high  frequency  shocks  ond  vibrations,  while  Introducing  no  phase  shift  or  parasitic  low- 
frequency  angular  motion.  Any  way  , the  suspension  must  not  cause  conical  motion. 

The  dimensions  of  the  block,  fitted  with  the  sensors  , are  150  x 65  x 65  mm. 

3.4.  Electronics 

5.4. U  (Jonoral  fwoHona  (Figure  13) 

(I)  A static  Inverter  receives  the  28  V d.c.  voltage  from  the  missile  battery. 

It  generates  the  various  voltages  necessary  for  the  working  of  the  system.  The  whole  of  these  voltages 
ore  galvanically  Insulated  from  the  28  V source. 

The  power  supplied  is  of  the  order  of  60  W in  steady  state  and  con  peak  to  200  W. 

The  circuits  comprise  i 


a)  a 28  V/20  V switching  supply 

b)  the  inverter  itself,  operating  at  12  kHz 

c)  an  assembly  of  regulators. 

(2)  The  gyroscopes  have  a wheel  speed  of  about  320  Hz.  They  use  synchronous  three-phase  hysteresis 
drive  motors,  having  four  pole  pairs. 

The  supply  of  these  motors  receives  an  input  frequency  of  7,680  Hz,  obtained  by  division,  from  the 
main  oscillator.  A 1/6-dlvider,  followed  by  a shift  register  produce  6 logic  signals  at  1,280  Hz, 
of  1/3  dutycycle  stepped  1/6  th  period  from  each  other. 

These  logic  signals,  combined  by  two,  control  three  power  switching  amplifiers. 

The  two  gyroscopes  use  different  frequencies,  having  an  offset  of  . 3% . 

(3)  The  primary  windings  of  the  position  pick-offs  ore  excited  by  a 50  kHz  frequency,  sine  voltage. 

A 50  kHz  logic  signal,  from  division  of  the  main  oscillator,  is  applied  to  a selective  filter  whose  output 
provides  the  necessary  power.  A detection  network  associated  with  a feed  beck  loop 
provides  the  output  voltage  stability. 

S.4.3.  Gyros  rebalanae  loops 

The  gyros  rebalance  is  achieved  by  a binary,  quantified  pulse  width  modulated  loop  (fig.  13).  The  choice 
of  this  method  over  that  of  ternary  rebalance  , or  analog  rebalance  with  follow-up  digitizer  was  made  on  the 
following  criteria  : 

(1)  Constant  heat  state  : this  method  best  enables  errors  due  to  temperature  voriatlons  connected  with 
the  input  rate  to  be  minimised. 

(2)  Relative  simplicity.  Moreover,  the  input  is  then  directly  digital,  in  the  form  of  angular  increments. 
There  are  no  conversion  circuits  external  to  the  loop. 

(3)  Excellent  resolution, 

(4)  Good  linearity  and  good  symmetry,  particularly  near  zero. 

(5)  Transfer  function  near  to  that  of  an  analog  loop. 

The  practical  execution  of  the  looping  circuits  moreover  meets  fundomentol  criterio  s 

(1)  Conformity  toaccuracy  specifications  defined  In  the  theoretical  design. 

(2)  Maintaining  the  dissipated  power  at  o reasonable  level.  This  point  also  led  us  to  moke  o rebolonce 
loop  with  two  current  levels  and  automatic  switching. 

(3)  Conformity  to  the  gain  and  bandpass  specifications  necessory  for  the  whole  system. 

The  theoretical  study  of  o binary  rebolonce  loop  odapted  and  optimised  for  a two-axes  tuned  gyroscope 
ted  SFIM  to  make  o simulation  set  reproducing  os  exoctly  os  possible  the  behoviour  of  such  o gyroscope. 

Moreover,  an  original  method  of  onolysls  has  been  developed.  This  method,  making  use  of  complex 
transfer  functions,  allows  the  use  on  two-oxes  systems  of  complex  NYQUIST  or  BLACK  locus. 

Applied  as  a first  step  to  the  study  of  stability  ond  the  optimisation  of  on  onolog  loop,  this  method  hos 
shown  excellent  correlation  with  the  experimental  results.  This  some  method,  adopted,  hos  been  then  used 
for  the  definition  of  the  binary  loop  correctors.  The  results  obtained  hove  been  confirmed  both  by  simulotion 
and,  later,  experimentally. 

Figure  14  gives  an  example  of  the  results  obtained. 

The  general  appearance  of  the  loop  Is  given  In  fig.  15. 

(1)  The  gyro  pick -offs  provide  two  o.o.  voltages  proportional  to  the  X ond  V deviations. 

(2)  These  voltoges  are  preompllfied,  demoduloted,  filtered. 

(3)  The  cross  compensation  circuits  make  o function  of  the  form  : 
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They  are  supplemented  by  Integral  and  proportional  correctors. 

(4)  The  output  voltage  of  the  Integral  corrector  is  compared  to  o romp  and  then  synchronised  by  o flip-flop 
to  generate  a pulse  width  moduloted  logic  signal.  This  logic  signol  is  processed  to  limit  the  extreme 
values  of  the  modulation  depth  and  to  determine  the  current  level  changes.  It  is  then  used  to  control 
the  passing  to  positive  or  to  negotive  of  o reference  current  Jo  in  the  torquers  windings.  Switching 
of  the  current  is  through  on  H -mounted  assembly  of  tronsistors. 

The  reference  current  Is  generated  by  a current  source  using  a very  high  stobillty  Zener  diode 
followed  by  operational  amplifiers  and  power  tronsistors.  The  dynamic  response  of  this  curren'. 
source,  octlng  mainly  during  the  H switchings,  is  an  Importont  parometer. 
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The  H-$witch  Is  designed  to  minimise  the  current  exchonges  between  circuits  controlled  and  those 
controlling.  It  has  also  to  switch  rapidly  and  have  as  little  leakage  as  possible  in  the  vertical  branches 
of  the  H . 

The  whole  of  the  rebalance  loop  has  a bandpass  of  50  Hz.  The  limit  cycle  frequoncy  Is  800  Hz.  The 
weight  of  the  angular  Increment  is<7  arc  sec.  in  low  rate  mode  and  3.6  arc  sec.  in  high  rate  mode. 

3.4,3.  A/D  aonvet'etcns  arul  Computer  interface 

(1)  The  occelerometers  of  SIL  3 ore  d.c.  rebalanced.  The  acceleration  data  ore  therefore  d.c.  voltoges 
which  ore  converted  into  velocity  increments  by  o binory  quantizer  using  pulse  width  modulation. 

(fig.  16)  . 

The  stotic  accuracy  and  the  dynamic  performance  of  the  quantizer  have  been  especially  studied 
for  the  strap-down  application.  The  use  in  the  quantizer  of  a second  order  loop  prevents  for  the 
dreg  error  when  the  input  Is  in  a ramp  shape. 

The  weight  of  the  velocity  increment  Is  2 x 10'‘3m/s.  The  quontizer  hos  o bandposs  of  100  Hz. 

The  limit  cycle  frequency  Is  800  Hz. 

(2)  The  compensation  of  the  gyros  and  accelerometers doto  requires  to  be  token  into  occount  in  the 
computing  : 

a)  deviation  angles  measured  by  the  gyros  Inductive  pick-offs 

b)  temperatures  of  eoch  gyro  and  of  each  occelerometer«  measured  by  the  resistive  detectors. 

These  are  token  Into  occount  by  an  A/D  converter  working  in  multiplex  (Fig.  16)  . The  rote  of 
conversion  Is  10  ms;  the  total  conversion  time  200  ps.  During  these  200  ps  the  converter  codes  in 
succession  the  four  devlotlon  voltages,  1 temperoture  ond  3 test  voltages.  A second  multiplexer 
provides  for  the  distribution  over  8 x 10  ms  cycles  of  the  coding  of  oil  the  temperatures. 

A sequencing  logic  at  the  some  time  drives  the  multiplexers  ond  the  oddreuing  of  the  storoge  memory 
receiving  the  coded  date  ond  providing  their  tronsfer  to  computing  elements  through  the  Internal  bus. 

(3)  The  ocquisltlon  of  oil  the  dotos  ossocioted  with  the  width  modulations,  I.e.  the  4 ongulor  rote 
stgnols  from  the  gyros  ond  the  4 occelerotlon  signals,  Is  performed  by  o single  reversible  counter 
together  with  a memory  and  working  in  multiplex  mode  (Fig,  IT). 

Another  counter,  olso  with  o memory  ond  multiplexed,  meosurei  the  rototlon  period  of  eoch  of  the  two 
gyroscopes.  This  Information,  token  with  high  resolution,  will  enobte  the  correction  of  " wheel- 
hunting  “ type  errors, 

A storing  memory  receives  oil  the  date  supplied  by  the  counters  ond  provides  for  their  tronsfer  to  the 
computer  through  the  tnternol  bus. 

The  dialogue  between  the  computer  ond  the  memories  It  accomplished  through  o serlollser, 

3.S.  SYCOMORE  processing  network 

■'.A.  f,  frinriple' 

The  processing  to  be  corried  out  In  the  Sll  3 strop-down  system  Is  of  two  kinds  t 

(o)  Very  ropid  computations  of  a molhcmoltcol  noture  t 

- rote-gyro  corrections 

- accelerometer  corrections 

- determlnotlon  of  otilludes  ond  velocities. 

(b)  Slower  computations  for  the  logic  operoiloni  t 

- sequersetng  of  the  system 

- Inpuls/oulpuit  to  the  Corrtrol  ond  Display  Unit 

- output  of  doto  on  the  system  but 

- sclf-tetlt  of  the  system, 

A solution  enabling  the  whole  of  the  problem  to  be  processed  contltlt  in  using  o lost  universal  computer, 
but  this  has  not  been  odopted  for  the  oirbome  equipment. 

In  foci,  in  order  to  minimise  volumes  ond  costs  It  it  necessory  to  use  the  most  Integroted  iiondord  com- 
ponents on  the  morket. 

The  optimum  solution  odopted  consisted  In  combining  o microprocessor  ond  o fosi  operator  working 
only  on  floating  numbers. 

These  two  processing  units  con  work  simulloneously,  so  forming  a irue  bi-procestor  configuration. 

This  eompuling  I'.elwork  it  colled  SYCOMORE  (Sysltmc  de  Cokul  h Orgorslsollon  Multi -Operoleur 
pour  Reolltoilons  Emborqudes  ■■  Computing  System  with  Mulli-Operolor  Orgonltolton  for  Airborne  Use). 

The  foil  operotor  carries  out  the  typo  (a)  loikt  and  the  microproeeuor  the  type  (b)  losks . 
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3.5.2.  Organisation  (Figure  18) 

The  syjtem  is  arranged  around  two  moln  busM  : 

(1)  The  memory  bus  combines  15  addess  lines,  16  bidirectional  data  lines  ond  a number  of  memory 
controls. 

(2)  The  inputs/outputs  bus. 

The  former  is  used  by  the  two  processors.  An  access  logic  enobles  conflicts  to  be  resolved. 

The  Inputs/outputs  bus  is  manoged  by  the  microprocessor. 

The  memory  Is  arranged  In  16  bit  words.  It  is  divided  Into  three  ports  : 

(1)  the  programs  in  the  static  memory  (ROM) 

(2)  the  transient  data  in  RAM 

(3)  a number  of  spectol  data  in  a protected  memory . 

The  inputs/outputs  of  the  system  are  constituted  by  ; 

(1)  datas  provided  by  the  rate  gyros  and  accelerometers 

(2)  coupling  of  the  Control  and  Oisploy  Unit 

(3)  generation  of  the  output  bus  distributing  the  attitude  ond  navtgotlon  parameters  to  the  users, 

3.5.3.  Funettianin(j  (Figure  19) 

The  tosks  are  managed  by  the  microprocessor  which  process  the  tasks  of  low  priority  and  let  to  the 
floating  operator  the  fast  computing  tasks.  When  these  tosks  are  started,  they  ore  completely  processed 
by  the  flooting  operator,  which  hos  o direct  occess  to  the  progroms  In  memory  . The  Interrupts  ore  managed 
by  the  microprocessor  which  con  Interrupt  the  flooting  operator  to  couse  it  to  execute  tosks  of  greater  priority. 

The  context  change  Is  then  manoged  by  the  flooting  operator  Itself. 

The  floating  operator  indlcotes  thot  it  hot  completed  its  totk  by  means  of  o generoted  Interruption  to  the 
microprocessor. 

3.1.4.  Cktfyitfi^rietioe  a>id  pef/otmaxaes  . 

(1)  Microprocessor 

The  microprocessor  u\'ed  has  i 

o)  o 16  bits  ceritrol  processing  unit. 

b)  a system  of  l6  prioritised  Interrupts  with  oulomollc  context  change, 

c)  69  Instructions  enobllng  processing  on  words,  octets  or  bits, 

d)  o mean  Instruction  execution  time  of  the  order  of  obout  6 ps. 

e)  an  Input/output  serial  but. 

(2)  Flooting  operator  (tee  Fig.  19) 

The  flooting  operator  it  o microprogrommed  computing  unit,  monlpulotlng  flooting  numbers  of  32  bits, 
Including  8 exponent  bits  (2~I2B  to  2'‘12)^  ond  24  montitta  bits  (Including  I sign  bit), 

o)  Frogromming 

The  computing  tosks  ore  expressed  In  the  form  of  progroms  placed  In  the  memory.  The  operator 
thus  hos  o set  of  Instructions  of  hit  own  ond  software  meont  odopted  to  the  generation  of 
computing  progroms  (compiler), 

b)  MIcro-progrommIng 

To  eoch  Instruction  corresponds  o micro-progrom  mode  with  mlcro'lnttruotions . The  Unking 
up  of  mlcro‘tnttructtons  It  manoged  by  o micro-tcciuencer  which  con  oddest  Sl2  mlcra*progrom 
memory  words.  In  order  to  obioln  the  best  possible  speed  of  execution,  there  It,  strictly 
specking,  no  set  of  mtcro>intiructlons,  A micro-instruction  ft  described  by  o 72  bit  vrord, 
tpreod  over  several  independent  fields,  expressing  composed  codes  or  discrete  micro-controls. 

This  arrangement  enables  several  octions  to  be  described  simultaneously  ond,  consequently, 
entolls  on  opprecloble  increose  In  execution  speed  of  optimised  microprogroms. 

Special  orrongements  hove  been  mode  for  the  microprogramming  to  hove  constonts  ovotlable, 
which  It  of  portlculor  Interest  for  executing  complex  Instructions. 

With  the  use  of  special  facilities  microprogroms  con  be  mode  on  demond. 

c)  Froceuing  Unit 

With  the  aim  of  simplifying  equipment,  the  botle  operator  It  of  32  bits,  with  B bits  reserved 
for  the  exponent  and  24  for  the  montlsso.  It  uses  LSI  AMD  2900  elements. 

Botlcolly,  the  processing  unit  is  arranged  like  a stock  mochine.  It  comprises  an  Arithmetic 
ond  Logie  Unit,  o flootini-.  operand:  stack  with  eight  steps,  used  In  most  of  the  Instructions, 
and  0 memory  work  space  of  B registers,  tome  of  which  ore  tpeclallxedfprogrom  counter, 
addressing  bote.  Index)  and  the  others  used  os  a fott  memory  work  space. 
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d)  Execution  time  : 

The  operations  ore  carried  out  essentially  on  the  stack.  The  maximum  execution  times 
are  the  following  (with  fost  bipolar  memory)  : 

Floating  addition  6 p$ 

Floating  multiplicotion  7ps 
Push  or  pull  on  stack  2.4  ps 
Sine,  arc  tan  80  ps 

3.5.5.  Softwn-!‘i-  Generation  (Figure  ?.0) 

To  facilitate  the  writing  of  progroms,  a sub-ossembly  of  FORTRAN  is  specified,  which  can  be  compiled 
for  execution  on  the  floating  operator. 

The  interest  of  FORTRAN  is  that  it  enables  an  easier  writing  of  computing  programs  and  gives  the 
possibility  of  carrying  out  debugging  on  most  computers-. 

The  programs  tested  are  then  compiled  In  order  to  generate  on  object  program  which  can  be  executed 
on  SYCOMORE. 

These  programs  are  associated  with  programs  written  In  an  assembler  for  the  microprocessor  and  after 
link  edition  they  are  fed  into  the  SYCOMORE  memory. 

A system  used  to  old  final  development  then  enables  the  real  time  operoting  of  the  system  while  it  Is 
combined  with  dote  processing  checking  fociitties. 

3.6.  Application  software 

3.ff.  J.  h'inoiplea 

The  appi (cotton  softwore  hos  been  specified  to  meet  the  very  generol  opplicottons  mentioned  obove. 

Of  course,  the  chorocteriitlcs  of  the  mission  hove  been  taken  Into  occount  (flight  duration  , linear 
and  angular  dynamic  environments).  The  aim  is  as  follows  : the  softwore  must  not  bring  ony  Inherent  error 
greater  than  10%  of  the  total  error  of  the  system, 

A very  exhoustive  prior  study  of  the  working  of  o dry  gyroscope  ond  of  o pendulous  occelerometer  in 
very  severe  dynamic  conditions  led  us  to  define  very  complete  error  correction  olgorlthmt.  Moreover,  the 
bond  pots  sought  ( > 30  Hz)  set  o minimurr  rote  for  the  moln  computotions  olgorlthmt. 

The  software  optlmiiatlon  related  molnly  to  : 

(1)  Mlnlmiiotton  of  the  volume  ond  of  the  computing  time 

(2)  Moduloriiotion  of  the  progrom.ln  this  woy  the  some  moln  modules  con  bo  refused  for  various  flight 
sequences  (alignment,  callbrotlon,  flight). 

The  vorloui  modules  (computing  sequences,  algorithms)  ore  triggered  occording  to  the  cote  t 

(1)  By  externol  Interrupt  coming  from  the  tensor  block. 

(2)  By  Internally  progrommed  Interrupt, 

(3)  By  flog  Inside  o given  progrom. 

The  main  modules  ond  ostocloled  rotes  con  be  described  ropldly  In  two  coses  t 

(1)  Missile  flight 

(2)  Alignment  of  ihn  system  in  flight  tests  on  o civil  troniporl  oircroft. 

.t.4,  y.  Flight. 

A series  of  Interrupts  coming  from  the  tensor  unit  synchronises  the  ' reol  time  “ compulotton  : 

(1)  Acquisition  of  Incrementol  rote  gyro  doto;  scale  foctor  errors  compensation  occording  to  o 
stored  error  model . At  the  tome  time  tome  ossocloted  dole  ore  ocqulred(the  gyros  rotors  offset . . ,) 
rote  100  Hz. 

(2)  Accelerometer  Incrementol  doto  (ond  temperatures)ocqulsit!on  scale  foctor  errors  compensotion 
(with  a stored  model) , rote  50  Hz  . 

(3)  Compensotion  of  rote  gyros  and  occelerometers  dynomic  errors  (well  known  working  models  ore 
used,  for  o dry  gyro  ond  a pendulous  aeceleromeler)t  role  $0  Mz. 

(4)  Altitude  compulation.  The  molhcmoticol  representOtlon  by  four  quaternions  (four  porometers)  It  used. 
The  vorlollon  of  the  quolernlon  with  the  ongulor  rote  meosured  In  the  missile  oxet  (u)  it  well  known: 

^ * 3 0 - (41.  42.  4l.  44)^ 

A third  order  numerical  Integrolion,  compensoted  for  ongulor  oceelerotlont,  suffices  for  the 
performancet  sought. 

Rote  SO  Hz 
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(5)  The  quaternion  calculated  by  numerical  integration  it  corrected  at  regular  intervals  for  slow 
drifts  (drifts  of  the  gyroscopes  in  accelerations,  calculated  according  to  o stored  model; 
precession  of  the  novigation  coordinate  system,  ond  earth  rotation).  Then  the  ottitude  matrix  is 
computed  (function  of  the  quaternion  components).  N being  the  novigotion  coordinote  system  : 

2 2 2 2 

q,  + q2  - qj  - q^  2(q2q3  - q|q4)  2(q2q4  + qiq3) 

c 5 “ 2(q2q3  + q|q4)  - q2^  ♦ q3^  - q^^  2(q3q4  - q|q2) 

2(q2q4  ~ ^1^3)  2(q3q4  * qiq2)  qj^  - q2^  “ 43^  + q4^ 

Rote  25  Hz 

(6)  Before  the  B—N  coordinates  transformation  on  the  rate  increments  provided  by  the  occelerometers, 
the  commutability  error,  due  to  integration  in  a moving  coordinate  system,  is  compensated. 

Rote  25  Hz 

(7)  The  conventional  navigation  colculotions  ore  then  mode  (velocity,  position,  ...)  at  o rote  of 
12 ,5  Hz  or  less, 

(8)  Other  tosks  can  be  carried  out  at  o few  Hz . 

a)  Processing  of  temperature  (the  sensors  ore  temperature  modelled) 

b)  Validity  test  on  some  measurements,  which  enables  special  compensation  procedures  to  be 
connected  up  . 

c)  output  on  missile  bus. 

Figure  21  summarises  the  softwore  orrongement  for  the  FLIGHT  phase  : the  figure  22 

gives  the  “ reol  time  ” sequencing. 

The  computing  volume  con  be  summortsed  thus  ; 

0)  100  additions  * 100  multiplications  in  fiooling  24 't  8 bits  to  be  mode  in  10  msec  steps. 

b)  Occupancy  of  the  SYCOMORE  computer  of  obout  50% . 

The  mode  of  alignment  of  the  SIL  3 depends  essentially  on  the  type  of  mission  given  to  the  missile  ond 
so  connot  be  defined  0 priori. 

However,  within  the  scope  of  the  flight  tests  mode  on  a civil  trontporl  otrcrofl,  on  olignmeni  In  flight 
by  comparison  with  the  doto  supplied  by  the  inertlol  reference  unit  hos  bsren  provided  for. 

This  procedure  is  described  in  porogroph  4. 2. 3. 3. 

4.  DEVELOPMENT  AND  CHECKING  OF  THE  SIL  3 SYSTEM 

The  development  of  the  SIL  3 system  required  the  use  of  votlous  tools,  omong  which  ore  t 

(1)  A set  of  system  slmulotlons 

(2)  Thn  definition  of  test  methods  ond  the  ossocloted  meons, 

4. 1 , SIms-lotlons 

A simuloiton  of  the  vorious  ports  of  the  SIL  3 system  hot  been  developed.  This  simulotion  hot  o triple 
purpose  : 

(1)  First  of  oil  on  understonding  of  the  port  of  the  vorious  elements  os  on  error  source.  In  order  to  give 
them  on  optimum  definition  (dlgltol  rebolence  of  gyros,  software.. .). 

(2)  This  simulotion  provides  on  evoluotion  of  the  system  performance  for  oil  working  conditions. 

(3)  The  results  of  these  slmulotlons  ore  compored  with  meosuicmeniis  obtoined  during  tests.  This  led  to 
on  Identification  of  SIL  3 model  for  vorious  dynomic  environments. 

As  portiol  simulotloni  con  be  mentioned  : 

(1)  Simulotion  of  the  gyroscope  with  Its  digital  rebolonce  loop.  This  led  to  opltmitoiicn  of  the  whole 
loop  (bondposs,  transients,  dynomlcbehovIourofthegyroicope).An  exomple  of  the  response  of  the 
GAM  3 gyro  lu  on  angulor  rote  step  Is  shown  In  fig.  23. 

(2)  Simulation  of  the  specific  softwore  (integration  of  the  attitude,  coordinote  tronsformotion  on  rote 
Increments.. .);  the  processing  of  the  molhemattcol  data  hot  thus  been  checked. 

(3)  Simulotion  of  the  In  flight  olignment  procedures  used  during  the  tests  (Kolmon  filler,  specified 
occording  to  the  theory  stoted  in  4.2.3 .3.).  Fig.  29  gives  on  olignment  enomple. 
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(4)  Some  reloted  stmulattons  (suspension,  gyro  thermal  model 

A simulation  of  the  whole  system  has  been  mode.  Fig. 24  gives  a portion  of  the  standard  flight 
(angular  rates  and  accelerations);  Fig.  25  gives  the  la  voluos  of  ottltude  and  position  errors  of  the  whole 
SIL  3 system. 

A Monte  Carlo  method  wos  used  to  qualify  the  system  In  simulation. 

A given  portlort  of  flight  Is  used  several  times  os  Input  to  the  systemjimulotlon  (sensors  + software). 

The  various  rondom  error  porameters  ore  drown  at  rondom  to  a Gaussian  low.  The  calculated  values  of  attitudes, 
rates,  ond  position.. . ore  compared  to  the  reference  values,  thus  providing  the  system  errors  for  the  random 
drawing  made.  The  procedure  Is  repeated  and  by  a statistical  onolysis  provides  the  standard  deviations  of  the 
SIL  3 system  errors,  for  c given  flight  profile.  Fig. 26  outlines  the  procedure  used. 

All  of  the  simulotlon  Is  developed  In  FORTRAN  by  means  of  d doto  processing  system  comprising  : 

(1)  A CPU  with  wired  float . 

(2)  A dialogue  console. 

(3)  2 disc  units;  I mognetic  tope  unit;  I printer;  I XY  plotter;  I tape  reader. 

4.2  Test  methods  and  means 

4. 2.  J.  Gyrvaoope 

The  standard  tests  for  gyroscopes  used  in  plotforms  relate  molnly  to  their  behaviour  in 
Qccelcrotlon  : 

(1)  Stotic  tests  giving  tKe  terms  of  o model  in  acceleration. 

(2)  Tests  In  tineor  vibrotlon. 

The  use  onticlpoted  requires,  rather,  study  of  the  behoviour  : 

(1)  of  torquers  (icole  factor,  stability,  misalignment  ) 

(2)  of  the  gyroscope  and  its  rebotonce  loop  In  ongulor  vibrotlon, 

SFIM  hod  to  provide  new  meoni  oi«d  methods  to  toke  these  needs  into  oocavnt  and  olso  Ike  following 
principles  i 

(1)  Slotlc  test  means  different  from  those  for  dynomtc  tests. 

(2)  Test  equipments  ostodated  with  doto  proceuing  moons. 

(3)  These  test  means  must  eon  be  used  for  system  tests . 

f.2.  i.f. 

The  0AM  3 oulomolfe  lest  set  ollows  t 

(t)  The  gyro  operotion  with  onotog  or  digtiol  rebolonee  loops. 

(2)  the'lhemol  control  of  (he  gyroscope. 

(3)  The  conditioning  of  some  porometers  such  os  temperolurei,  loop  deviations  errors,  precession  torques, 

(4)  The  monitoring  of  the  correct  operotion  ond  safety  monagement  . 

(5)  The  dale  ocqutillion  on  punched  lope  and  on  o printer  according  to  two  working  modes  : 

Acceleration  Mode  used  to  determine  the  terms  of  the  model  in  ecceicfotion.  the  lest  set 
records  iKe  Iniegreled  drift  torques  for  a given  time  for  different  positions  of  the  gyro  In  teloilon  to 
the  grovlty  fielf. 

Tobie  mode  . The  test  set  it  combined  with  o one^onlt  rotating  table  on  which  is  positioned  the  gyro 
tiovee  on  Its  two  oxis  os  o rote  gyro,  it  records  the  precession  torques  on  each  onis,  Inlegroted  over 
o given  angle,  ond  olso  the  meon  ongulor  rote  of  the  tobie  through  this  angle. 

dnsfyes'js  (if  {he  TtisfUi 

The  results  of  measurements,  ironsfercd  by  punched  tope  to  the  computer  cte  onolysed  by  tiendord 
sloiltileal  methods  which  con  loke  into  occount  the  redundoncies  present  in  o complete  series  of  meosuremenis. 
The  most  probobic  coefficients  of  models  describing  the  gyro  in  occelerollon  ond  its  torquers  ore  evoluoted, 
end  olso  the  uncertainties  associoted  with  these  coefficients. 

Two  outomolic  test  sets  hove  been  built  ond  ore  to  day  working  , together  with  o tobie  (Goers  or 
MFW) . The  dole  s>re  processed  on  PDF  I I/4S . 
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4.2. J.J.  Dynanio  Test  Means  (Figure  28) 

During  dynamic  tests  the  study  could  be  limited  to  the  overall  behaviour  of  the  rate  gyro.  The 
means  described  above  would  then  suffice.  It  Is  more  Instructive  to  know  at  each  moment  the  behaviour 
of  the  rate  gyro,  with  respect  to  the  parameters  of  Input  conditions.  With  this  aim,  a fast  data  acquisition 
set  has  been  designed  ond  built  . It  Is  controlled  by  the  SFIM  MARINA  S fost  processor,  working  with  o 8K 
X 16  bits  core  memory  . This  test  set  enables  the  acquisition  of  the  data  defined  on  table  2 below. 


Table  2 


Parameters 

No. 

Nature 

Accurocy 

Acquisition  Frequency 
(mox  .Hz) 

tuyro  preceuton 
torques 

A 

digital 

12  blt-tslgn 

500 

Table  position 

\ 

digital 

20  bit 

500 

Angular  position 

3 

synchro 

15  bit 

500 

Gyro  angular 
deviations 

4 

analog 

12  bit 

500 

Wheel/motor 
phose  ongle 

2 

digitol 

12  bit 

200 

Temperotures 

4 

onolog 

12  bit 

80 

Mite. 

6 

i 

120 

The  data  ore  stored  on  o mognetlc  tope  recorders  operation  li  by  o diologue  console  fitted  with  o 
printer  and  coueite  reoder . 

This  test  tel  Is  plonned  to  be  rmoctoled  with  t 

(1)  An  osctllotlng  toble,  mono*oitU,  iwo>oxei  or  ihtM-ones. 

(2)  A vibrolor. 

After  0 test  there  ore  ovolloble  oil  the  doto  to  reconstitute  offline  the  behoulostr  of  the  rote  gyro. 
One  con  then  t 

(1)  Exomlne  the  overoll  behovlour  of  the  unit. 

(2)  Determine  the  terms  of  o model  of  the  role  gyro  In  ongulor  rototlon  for  some  slMple  inputs  (tine). 

13)  Compore  the  eKpetlmehtol  results  with  those  obtolned  by  slHwIotlon  with  correction  procedure  of 
the  stmutoied  model . 

A fost  oequisltton  set  hot  been  coMifvCied  stnd  Is  now  working  , together  with  o 1 okIs  toble 
, i dees  (Corco)  or  with  e vll^lor.  Onto  processing  is  on  o II/4S. 

4.2.2. 

As  for  the  rote  gyros,  It  It  necctsory  to  study  the  behovlour  of  the  eccelerometen  In  stolid  ond 
dynowic  conditions  tongulor  ond  iineor  vlbrotlons). 

The  coeificlents  of  the  model  in  rototlon  ore  meeturedon  tho  oscllloling  loble,  uy  recording  tho  Input  ond 
output  doto  by  menns  of  the  fost  ocrtuUltlcn  set  described  obove. 

4.2.3. 

4.2.3. }.  Stdlie 

Their  purpcsse  is  to  meotute  the  performonce  of  the  sensors  ploced  In  the  system  : 

(1)  Mutuol  influence  of  the  sensors. 

(2)  foiltioning  of  the  tensors  on  the  Mock  . 

(3)  Thermol  behovlour. 

At  in  the  gyro  study  , these  meosurements  ore  mode  for  different  positions  of  the  unit  In  the  grovity 
field,  or  on  o 1 oxlt  rototing  leble.  The  tiele  ore  recorded  with  the  fost  ocguUlKon  set,  previously 
described. 
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4.2. 3.2.  Oyncania  Testa 

Thete  ore  for  defining  the  overall  performance  of  the  tyttem  for  a given  mittlon  ond  environmentol 
conditions  : 

U)  1 oxis  axial  oscil lotion  tests, 

(2)  Tests  in  any  dynamic  ambience  (rototion)  ; 3 oxes  table, 

(3)  Linear  vibration  tests,  on  the  vibrator. 

The  system,  coupled  to  Its  computer,  provides  o result  connected  with  its  overall  performonccs . 

4. 2. 3. 3.  Flight  Testa  ~ System  initialiaity 

The  SIL  3 flight  tests  will  be  made  on  o Coroveile  type  civil  transport  aircraft.  For  each  aircraft  flight 
of  I to  1 .30  hour  duration,  several  misstleftlghts,eoch  of  o few  minutes,  can  be  simulated.  Tho  results  will 
be  recorded  on  o magnetic  ocqulsltlon  and  recording  system  and  exploited  off-line  on  the  ground. 

The  main  problem  set  by  this  procedure  is  thot  of  the  Initiollsing  in  flight  the  :trap-down  system.  The 
method  hos  therefore  been  the  subject  of  a specloi  study,  summorised  below  : 

(!)  General 

The  operation  time  of  the  SIL  3 In  inertlol  mode  is,  becouse  of  the  performance  of  the  instruments, 
much  less  thon  the  mean  flight  time  of  the  tronsport  oircroft  in  which  the  tests  will  be  mode. 

As  it  Is  not  feasible  to  iond  the  oircroft  every  five  minutes  or  to  mohe  use  of  o flight  of  ot  least  gn 
hcur  for  only  five  minutes,  it  is  necessary  to  provide  for  Initialisation  In  flight.  Then  o dosen  five-* 
minute  tests  con  be  mode  during  o flight.  This  InitlolisotiQn  Iscorried  out  by  using  os  reference  the 
oircroft  siondord  inertlol  unit . 

It  comprises  three  seporote  phoses  : 

(o)  Colculotlon  of  the  Initlol  quoternlon  from  the  Euler  onglet  supplied  by  the  inertial  unit, 
then  starting  up  the  ottliude  computoiion, 

(b)  Comporison  ot  the  computed  ottitude  ond  the  attitude  tupplled  by  the  reference  inertiol 
unit . 

The  rciult  of  this  eomportson  Is  used  to  teodjuit,  through  filtering,  the  quotetnion 
repteienting  the  ottitude. 

(ci  Initiolisotlcn  of  the  velocity  components  ot  voluts  provided  by  the  inertlol  unit.  Storting 
the  computation  of  velocity  Irom  ucceicromelcr  doio.  Comporlson  of  the  computed 
velocity  end  ihe  vetoci'.y  from  the  reference  unit.  The  result  of  this  compurlsoe  it  used  to 
reodiusi,  through  o tub»optit*u«  filtering,  the  ottitude  quaternion. 

(2)  Description  of  the  different  modes 

(e)  The  first  mode  needs  no  functfonol  aaplonotlon.  It  con  simply  be  sold  thot  this 

very  tepid  Inttiollsolion  con  leave  considerobie  ottitude  errors  due  to  different  couses : 

- errors  In  onguior  repcoi  of  the  inertiol  reference, 

• horwonisotlon  defects  in  the  two  units 

. electrical  noise  (coding  a pecA) 

V ceding  error  of  the  repeot  (non! tneoriiy  , quantification) 

. ogclttg  of  the  dote , srnioiling  ctreri  if  the  initialisation  iokesploee 
during  evolutions. 

(b)  The  second  mode,  which  tests  only  o few  seconds,  enables  o port  of  the  error  from  the 
previous  setting  to  be  eliminoled  ond  corries  out  the  filtering  of  the  lost  three  types  of 
errors,  which  ore  nl  relotivety  higA  frequency. 

The  diagrow  of  the  system  is  t 
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The  use  of  a K coefficient  lower  than  1 givis  the  system  the  characteristics  of  a first 
order  fitter , 

(c)  The  third  mode,  which  performs  the  fine  setting  of  t!ie  attitude,  does  not  use  the  ongular 
outputs  from  the  reference  inertial  unit,. 

The  fine  setting  is  achieved  !:  comparison  of  the  acceleration,  or,  more  precisely,  of  the 
velocity  variations  calculated  the  two  navigation  systems.  In  fact,  the  attitude  error  M 
causes  on  occelerotion  error  which  is  a function  of  the  acceleration^: 

^ ^ X A 


It  can  be  seen  that  an  acceleration  enables  the  evaluation  of  the  ottitude  errors  in  a plane 
perpendicular  to  this  acceleration.  The  permanent  presence  of  the  gravity  acceleration 
therefore  gives  - a standar  cose  - the  vertical  error.  However,  if  the  olrcroft  manoeuvres 
a horizontol  component  of  the  occelerotion  will  allow  the  heoding  error  to  be  evaluated. 

We  are  therefore  led  to  make  an  attitude  correction  based  on  the  acceleration  which  prcvotls 
at  the  time  of  comparison  . This  correction  r;  ust  be  also  weighted  by  knowledge  of  the  error 
on  each  of  the  axes.  A simple  woy  of  carrying  out  these  two  actions  simultaneously  is  by 
using  a Kalman  filter. 

However,  these  attitude  errors  chonge  ond  are  not  the  only  ones  to  oct  on  the  system . 

A full  study  shows  it  is  necussory  to  use  a state  vector  of  dimension  39  whose  components 
ore  generolly  not  eoslly  observed.  As  It  Is  not  conceivable  to  carry  the  associated  optimum 
filter,  the  variables  which  ore  not  eoslly  observed  ore  eltminoted  (thus  reducing  the  stote 
vector  dimunslor  '.r-  5)  ond  their  oction  on  the  ottitude  ond  velocity  Is  replaced  by  o rondom 
processing. 

It  Is  therefc  ^ '.ecessory  to  adjust  these  two  magnitudes  so  that  the  functioning  of  the  sub- 
optimum  filtei  is  correct.  For  this,  the  optimum  estt.-natlon  covoriance  Pj,  the  estimoted 
covorl-  nce  P2  ond  the  reol  covariance  P3  ore  going  to  be  compared.  Now  tofce  the  cose  of 
discr«  e observotions.  The  algorithms  defining  Pi,  ri,  and  P3  with  respect  to  the  time  are 
deftnud  in  Tobte  3 below.  The  first  line  Is  justified  since  the  correction  calculated  from 
goln  K Is  actuolly  appHed  to  the  system  by  the  reodjustlng  of  the  quoternlon.  The  optlmlso- 
tlon  of  the  suboptlmum  filter  is  achieved  by  setting  of  %2  ond  Q2  to  obtain,  for  0 number 
of  t.ajrctories , the  conditions  P2  P3  ond  P3  slightly  above  Pi 

Tobie  3 (1) 
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H obser  Jtion  matrix 


Q covariance  of  the  t covarionce  of  the 

noise  acting  on  the  system  observation  noise . 
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5.  CONCLUSIONS 

The  SIL  3,  as  [ust  prese''tecl , represents  a solution  quickly  usable  for  the  guidance  of  tactical 
missiles. 

This  system  is  at  present  being  ground  tested  and  will  undergo  its  flight  tests  at  the  beginning  of  next 

year. 

The  application  considered  for  tactical  missiles  is  not  a limitation. 

The  system  is,  by  the  computing  power  available,  capable  of  extension  to  other  applications,  for 
example  : hybrid  navigation  , with  Doppler,  Omega, . .of  helicopters  or  transport  aircrafts,  or,  again, 
guidance  of  torpedoes. . . . 

Its  dimensions  can  also  be  greatly  reduced,  for  this  application  does  no  moke  use  of  hybrid  electronics. 
Finally,  the  sensors  themselves  can  have  an  extended  range  of  performance  in  the  near  future. 
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fication system  and  (3)  a compensation  system.  It  is  shown  that  the  sufficient  statistics  for  the  partially  observable 
process  in  the  detection  and  identification  system  is  the  posterior  measure  of  the  state  of  degradation,  conditioned  on 
the  measurement  history.  ABA  author. 

76/08/00  76N32176 

AN  OPTIMALLY  INTEGRATED  PROJECTED  MAP  NAVIGATION  SYSTEM 
Reid.  D.B.;  Harman,  R.K.;  Frame.  D.J. 

Computing  Devices  of  Canada,  Ltd.,  Ottawa  (Ontario).  In  AGARD  Medium  Accuracy  Low  Cost  Navigation  3 1 P (see 
N76-32148  23-04} 

A unique  integrated  tactical  navigation  system  (ITNS)  concept  for  helicopter  applications  is  described.  This  concept, 
which  could  be  extended  for  application  in  higlt  performance  tactical  aircraft,  is  based  on  the  projected  map  system, 

PMS  5 6,  currently  in  production.  Tlie  primary  navigation  unit  of  the  ITNS  is  the  Doppler  dead  reckoning  (DR)  sub- 
system which  uses  simple  directional  and  vertical  gyros  as  heading  and  attitude  sensors.  Auxiliary  navigation  data  are 
supplied  by  a projected  map  display  (PMD)  and  a triad  of  jnagnetometers  strapped  to  the  airfrante.  The  PMD  displays 
aircraft  position,  track  and  bearing  to  destination  plctorially,  providing  excellent  pilot  orientation  and  position  fixing 
capability.  Tlic  magnetic  sensor  measures  three  components  of  the  earth's  field,  from  which  additloital  heading  and 
altitude  information  are  derived.  A digital  Kalman  filtering  algorithm  is  implemented  to  estimate  system  errors  from 
DR,  PMD  and  strapdown  magnetic  data.  The  error  estimates  are  fed  back  to  correct  DR  position  and  null  sensor  errors, 
resulting  in  a fiilly  inlogratod  system  which  provides  excellent  perfonnance  at  low  cost.  Simulation  results  indicate  that 
system  accuracy  without  position  fixes  wilt  be  better  than  2 per  cent  of  distance  travelled  (95  per  cent  confidence). 

ABA  author. 

NASA<.‘R-1 24126  TR-147-2  70/06/30  73N19641 

ANALYSIS  OF  S I R APDOWN  SENSOR  TESTING 
Crawford,  B.S. 

Analytic  Sciences  Corp.,  Heading.  Mass. 

Some  topics  related  to  dynamic  testing  of  strapdown  sensors  arc  analyzed,  with  emphasis  on  measuring  parameters 
whicti  give  rise  to  motion-induced  error  torques  in  single-dcgree-of-freodom  inertial  sensors.  I'he  objective  U to  determine 
the  dynamic  inputs,  test  equipment  characteristics  and  data  processing  procedures  best  suited  for  measuring  these  para- 
meters. Single  axis,  low  frequency  vibration  tests  and  constant  rate  tests  are  studied  in  dotait.  Methods  for  analyzing  the 
effects  of  test  motion  errors  and  mcasurentenl  errors  are  developed  and  illustrated  by  exatnples.  Candidate  test  data 
processing  methods  ate  compared  and  rccoinmondatiom  conccntlng  test  equipment  and  data  processing  are  made. 

ABA  author. 

NASA-CRI442I9  IBM-76-227-002  76/03/02  76N20181 

ANALYSIS  OF  TEST  DATA  ON  THE  SIMPLEX  STRAPIX)WN  NAVIGATION  SYSTEM 

inicmationai  Business  Machines  Cor}).,  ilunlsvIUe,  Ala.  (Federal  Systems  Div.) 

Tlie  results  of  a study  of  lest  data  taken  on  the  simplex  strainlown  navigation  system  wore  presented,  lliat  system 
consisted  of  (he  following  components;  strapdown  platform,  altimeter,  digital  computer,  tape  recorder,  tyiHiwriter, 
and  power  source.  I'he  objective  of  titese  tests  was  to  isolate  error  sources  which  may  cause  degradation  of  the  system's 


accuracy  and  to  recommend  appropriate  changes  to  the  system  test  procedures  or  computer  software.  The  following 
recommendations  were  made;  (1)  addition  of  a gyro  compassing  alignment  program  into  the  navigation  program, 

(2)  addition  of  line  drivers  at  the  signal  processor  end  of  the  transmission  line,  (3)  need  for  extensive  laboratory  testing 
to  determine  sensor  misalignements,  biases,  and  scale  factors,  (4)  need  to  stabilize  the  power  source  to  prevent  transients 
during  power  transfer,  (5)  need  to  isolate  and  eliminate  the  source  of  the  large  noise  inputs.  ABA  Y.J.A. 

AD-A008649  REPT-3811-FR1  SAMSO-TR-74-221  75/03/01  7SN30143 

AUTONOMOUS  NAVIGATION  TECHNOLOGY.  PHASE  lA  - STUDY 
Paulson,  D.C. 

Honeywell,  Inc.,  St  Petersburg,  Fla.  (Aerospace  Div.) 

The  program  objective  has  been  to  provide  the  design  of  a space  navigation  system  for  unmanned  earth  satellites.  The 
system  is  required  to  provide  accurate  determination  of  the  ephemeris  state  and  to  be  autonomous.  The  equations  of 
motion  of  the  satellite  are  integrated  using  a detailed  model  of  the  earth’s  gravitational  field.  The  effects  of  residual 
errors  in  the  gravity  field,  unmodeled  forces,  and  uncertainties  in  initial  conditions  are  reduced  by  measurements.  The 
selected  approach  employs  two  down  sensors  to  track  unidentified  earth  landmarks  surface;  this  unknown  tracking 
method  obtains  to  line  of  sight  angular  velocity  (V/H).  The  phase  I objective  was  to  design  and  test  an  engineering  model 
down  sensor,  a strapdown  telescope.  The  measurement  is  obtained  by  digital  correlation  of  signals  from  photodetector 
arrays  in  its  image  plane.  ABA  GRA. 

NASA-CR-124234TRW-18313-6004-RU-00  73/04/00  73N22608 

COMPETITIVE  EVALUATION  OF  FAILURE  DETECTION  ALGORITHMS  FOR  STRAPDOWN  REDUNDANT 
INERTIAL  INSTRUMENTS 
Wilcox,  J.C. 

TRW  Systems  Group,  Redondo  Beach,  Calif. 

Algorithms  for  failure  detection,  isolation,  and  correction  of  redundant  inertial  instruments  in  the  strapdown  dodeca- 
hedron configuration  are  competitively  evaluated  in  a digital  computer  simulation  that  subjects  them  to  identical  environ- 
ments. Their  performance  is  compared  in  terms  of  orientation  and  inertial  velocity  errors  and  in  terms  of  missed  and  false 
alarms.  The  algorithms  appear  in  the  simulation  program  in  modular  form,  so  that  they  may  be  readily  extracted  for  use 
elsewhere.  The  simulation  program  and  its  inputs  and  outputs  are  described.  The  algorithms,  along  with  an  eight 
algorithm  that  was  not  simulated,  also  compared  analytically  to  show  the  relationships  along  them.  ABA  author. 

AD-A034278  GE/EE/76D-23  76/12/00  77N24095 

COVARIANCE  ANALYSIS  OF  KALMAN  FILTERS  PROPOSED  FOR  A RADIOMETRIC  AREA  CORRELATOR/ 
INERTIAL  NAVIGATION  GUIDANCE  SYSTEM 
Fitschen,  C.K. 

Air  Force  Inst,  of  Tech.,  Wrlght-Patterson  AFB,  Ohio.  (School  of  Engineering.) 

In  this  report,  a covariance  analysis  is  performed  on  two  Kalman  filters  proposed  for  use  in  a weapon  system  utilizing  a 
strapdown  inertial  navigation  system  (INS),  updated  by  position  data  from  a radiometric  area  correlator  (RAC),  for 
guidance.  Filter  performance  is  analyzed  when  primary  navigation  Information  is  provided  by  Sperry  INS,  which  uses 
laser  gyroscopes,  and  when  an  INS  employing  conventional  dry-tuned  gyroscopes,  manufactured  by  Hamilton-Standard, 
is  incorporated  into  the  weapon  system.  For  the  covariance  analysis,  truth  models  in  the  form  of  linear  state  equations 
are  presented  which  reflect  the  best  description  of  the  weapon  system  when  either  the  Sperry  or  Hamilton-Standard  INS 
is  used.  The  Sperry  system  model  is  composed  of  46  states  and  the  Hamilton-Standard  system  model  61  states.  Primary 
emphasis  in  this  investigation  is  placed  on  minimizing  system  terminal  navigation  error.  ABA  GRA. 

NASA-CR-14408STR-EE/EL-1  74/08/01  76N13197 

DESIGN  OF  A TORQUE  CURRENT  GENERATOR  FOR  STRAPDOWN  GYROSCOPES 
McKnight,  R.D.;  Blalock,  T.V.;  Kennedy,  E.J. 

Tennessee  Univ.,  Knoxville.  (Dept,  of  Electrical  Engineering.) 

The  design,  analysis,  and  experimental  evaluation  of  an  optimum  performance  torque  current  generator  for  use  with 
strapdown  gyroscopes,  Is  presented.  Among  the  criteria  used  to  evaluate  the  design  were  the  following;  ( 1 ) steady-state 
accuracy;  (2)  margins  of  stability  against  self-oscillation;  (3)  temperature  variations;  (4)  aging;  (5)  static  errors  drift 
errors,  and  transient  errors,  (6)  classical  frequency  and  time  domain  characteristics:  and  (7)  the  equivalent  noise  at  the 
input  of  the  comparator  operational  amplifier.  The  dc  feedback  loop  of  the  torque  current  generator  was  approximated 
as  a second-order  system.  Stability  calculations  for  gain  margins  are  discussed.  Circuit  diagrams  are  shown  and  block 
diagrams  allowing  the  implementation  of  the  torque  current  generator  are  discussed.  ABA  author. 

74/00/00  75N21583 

DESIGN  OF  A TORQUE  CURRENT  GENERATOR  FOR  STRAPDOWN  GYROSCOPES 
McKnight.  R.D. 

Tennessee  Technological  Univ.,  Cookeville. 

The  design,  analysis,  and  evaluation  is  discussed  of  an  optimum  performance  torque  current  generator  for  use  with  strap- 
down  gyroscopes.  The  criteria  used  to  evaluate  the  design  were:  steady-state  accuracy;  margins  of  stability  against 
self-oscillation,  temperature  variations,  aging,  etc.;  static  and  drift  errors;  PVR  errors;  transient  errors;  classical 


frequency  and  time  domain  characteristics;  and  the  equivalent  noise  at  the  input  of  the  comparator  operational 
amplifier.  ABA  dissert,  abstr. 


NASA-C'R-123513  TRW-18313-6003-RO-00  71/12/29  73N17711 

DETAILED  TEST  PLAN  REDUNDANT  SENSOR  STRAPDOWN  IMU  EVALUATION  PROGRAM 
Hartwell,  T.;  Miyatake,  Y.;  Wedekind,  D.E. 

TRW  Systems  Group,  Redondo  Beach,  Calif. 

The  test  plan  for  a redundant  sensor  strapdown  inertial  measuring  unit  evaluation  program  is  presented.  The  subjects 
discussed  are:  (1)  test  philosophy  and  limitations,  (2)  test  sequence,  (3)  equipment  specifications,  (4)  general  operating 
procedures,  (5)  calibration  procedures,  (6)  alignment  test  phase,  and  (7)  navigation  test  phase.  The  data  and  analysis 
requirements  are  analyzed.  ABA  author. 

NASA-CR-124333  S-25  73/07/13  73N28649 

DEVELOPMENT  OF  A WIDTH-MODULATED  PULSE  REBALANCE  ELECTRONICS  LOOP  FOR  STRAPDOWN 
GYROSCOPES 

Blalock,  T.V.;  Kennedy,  E.J.;  McKnight,  R.D. 

Tennessee  Univ.,  Knoxville.  (Dept,  of  Electrical  Engineering.) 

A new  width  modulated  pulse  rebalance  electronics  loop  was  developed  for  use  with  strapdown  gyroscopes.  Advantages 
of  the  width  modulated  binary  over  the  ternary  loop  are  the  following:  ( 1)  the  H-switch  is  easier  to  implement;  (2)  torque 
is  applied  in  finely  quantized  increments;  (3)  the  analog-to-digital  conversion  for  data  generation  is  inside  the  loop  and  is 
directly  determined  by  the  torque  pulse;  (4)  on  part  of  the  loop  compensation  network  bypasses  the  gyroscope;  and 
(5)  the  torquer  is  fed  constant  power.  ABA  author. 

AD-A014505  GRR-005-0675  75/04/00  76N15869 

DEVELOPMENT  OF  AN  OPTICAL  RATE  SENSOR 
Skripka,  J.L.;  Fredricks,  R.J. 

Lear  Siegler,  Inc.,  Grand  Rapids,  Mich.  (Instrument  Div.) 

This  report  documents  the  results  of  a feasibility  investigation  program  of  optical  rate  sensing  by  a unique  technique  of 
differential  phase  shift  measurement  between  counter-traveling  light  beams  forming  a closed  path.  The  program  involved 
the  design,  build,  and  test  of  a discrete  component  research  test  model  of  the  sensor,  and  an  investigation  of  the  applica- 
bility of  integrated  optics  technology  to  such  a sensor.  Such  a sensor  possesses  many  of  the  attributes  of  the  ring  laser 
gyro  without  the  problem  of  frequency  lock-in  which  is  characteristic  of  that  device.  It  also  offers  the  potential 
advantage  of  size  reduction  without  performance  degradation  through  the  use  of  multiple  turns,  of  fiber  optics  for  an 
effective  area  increase  and  replacement  of  the  gas  laser  with  a solid  state  source.  The  purpose  of  the  program  was  to 
evaluate  a complete  sensor  using  the  research  test  model  and  to  determine  how  well  integrated  optics  can  be  applied  to 
the  optical  rate  sensor.  The  results  indicate  that  fiber  optics  and  the  solid  state  laser  can  be  used  tc  overcome  problems 
encountered  in  the  discrete  component  model  and  to  achieve  performance  in  the  one-half  to  ten  degree  per  hour  bias 
stability  range  in  a sensor  configured  for  a maximum  rate  of  400  degrees/second.  An  optical  rate  sensor  using  only 
integrated  optics  components,  although  promising,  requires  further  research  developments  in  the  field  of  integrated 
optics.  ABA  author  (GRA). 

75/05/00  75N30076 

DEVELOPMENTAL  MICRON  LABORATORY  TEST  RESULTS 
Warzynski,  R.R.;  Radic,  G.C. 

Air  Force  Avionics  Lab,,  Wright-Patterson  AFB,  Ohio.  In  AGARD  - The  Guidance  and  Control  of  V/STOL  Aircraft  and 
Helicopter  at  Night  and  in  Poor  Visibility  3 P (see  N75-30052  21-01) 

A moderately  accurate,  low  cost  of  ownership  inertial  navigator  system,  called  micro-navigator  (micron)  was  developed 
which  will  satisfy  a wide  range  of  applications  including  V/STOL  aircraft  and  helicopters.  The  gyroscope  for  micron 
is  an  electrostatic  gyro  (ESG)  operated  in  a strapdown  mechanization.  The  gyro’s  performance  in  a developmental 
micron  system,  designated  the  NS 7 A- 1,  was  verified.  The  N57A-1  was  subjected  to  heading  sensitivity,  repeatability, 
Scorsby,  shock,  vibration,  angular  rates,  cold  soak,  and  mobile  tests;  over  70  navigation  runs  were  conducted.  The 
N57A-1  demonstrated  performance  better  than  the  goals  of  1 nm/hr  and  5 ft/sec  for  all  tests.  ABA  author. 

NASA-CR-124161TR- 147-5  72/09/00  73N20682 

DYNAMIC  ERRORS  IN  A TUNED  FLEXURE-MOUNTED  STRAPDOWN  GYRO 

Bortz,  J.E.,  Sr 

Analytic  Sciences  Corp.,  Reading,  Mass. 

Motion  induced  errors  in  a tuned,  flexure-mounted  strapdown  gyro  are  investigated.  Analytic  expressions  are  developed 
for  errors  induced  by  linear  vibrations,  angular  motion,  and  detuning.  SensoHevel  errors  (gyro  drift  rate)  and  system- 
level  errors  (navigation  errors)  that  are  stimulated  by  an  actual  dynamic  motion  environment  are  computed.  ABA  autlior. 
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NASA-CR-1 40296  E-2525  70/08/00  74N78010 

DYNAMIC  TESTING  OF  SINGLE  DEGREE-OF-FREEDOM  STRAPDOWN  GYROSCOPE 
Feldman,  J. 

Massachusetts  Inst,  of  Tech.,  Cambridge.  (Charles  Stark  Draper  Lab.)  Presented  at  the  5th  Biennial  Guidance  Test 
Symp.,  Holloman  AFB,  N.  Mex.,  14-16  October  1970. 

73/02/00  73N20697 

DYNAMICALLY  TUNED  GYROS  IN  STRAPDOWN  SYSTEMS 
Craig,  R.J.G. 

Teledyne  Systems  Co.,  Northridge,  Calif.  In  AGARD  Inertial  Navigation  Components  and  Systems  26  P (see  N73-20684 
11-21) 

A review  is  presented  of  the  basic  principles  of  operation  of  the  dynamically  tuned  instrument  and  shows  a gyro  configu- 
ration designed  for  the  strapdown  use.  Characteristic  errors  in  a multigimbal  design  are  discussed  and  the  basic  error 
models  for  the  gyro,  together  with  its  dynamic  characteristics,  are  presented.  ABA  author. 

NAL-TR-302  72/00/00  73N24652 

ESTIMATION  OF  GUIDANCE  ERRORS  BY  KALMAN-BUCY  FILTERING  TECHNIQUE 
Murata,  M. 

National  Aerospace  Lab.,  Tokyo  (Japan). 

The  application  is  described  of  Kalman-Bucy  filter  theory  to  postflight  guidance  error  analysis.  Trajectory  reconstruction 
and  the  estimation  of  guidance  hardware  errors  and  radar  system  errors  are  emphasized,  such  as  accelerometer  bias,  gyro 
drift  rate,  radar  location  uncertainty  and  the  like,  by  processing  both  guidance  telemetered  and  radar  tracking  data.  The 
filtering  technique  is  developed  in  full  detail  for  a launch  vehicle  with  a strapdown  inertial  navigation  system.  Digital 
simulations  are  also  presented.  The  results  demonstrate  that  the  approach  is  very  promising  for  postflight  guidance- 
tr^ectory  analysis.  ABA  author. 

NASA-CRl 20427  R-826-VOL-1  74/07/00  74N32099 

EVALUATION  OF  SELECTED  STRAPDOWN  INERTIAL  INSTRUMENTS  AND  PULSE  TORQUE  LOOPS, 

VOLUME  1 

Sinkiewicz,  J.S.;  Feldman,  J.;  Lory,  C.B. 

Draper  (Charles  Stark)  Lab.,  Inc.,  Cambridge,  Mass. 

Design,  operational  and  performance  variations  between  ternary,  binary  and  forced-binary  pulse  torque  loops  are 
presented.  A fill-in  binary  loop  which  combines  the  constant  power  advantage  of  binary  with  the  low  sampling  error  of 
ternary  is  also  discussed.  The  effects  of  different  output-axis  supports  on  the  performance  of  a single-degree-of-freedom, 
floated  gyroscope  under  a strapdown  environment  are  illustrated.  Three  types  of  output-axis  supports  arc  discussed: 
pivot-dithered  jewel,  ball  bearing  and  electromagnetic.  A test  evaluation  on  a Kearfott  2544  single-degrec-of-freedom, 
strapdown  gyroscope  operating  with  a pulse  torque  loop,  under  constant  rates  and  angular  oscillatory  inputs  is  described 
and  the  results  presented.  Contributions  of  the  gyroscope’s  torque  generator  and  the  torque-to-balance  electronics  on 
scale  factor  variation  with  rate  are  illustrated  fora  SDF  18  IRIG  Mod-B  strapdown  gyroscope  operating  with  various 
pulse  rebalance  loops.  Also  discussed  are  methods  of  reducing  this  scale  factor  variation  with  rate  by  adjusting  the  tuning 
network  which  shunts  the  torque  coil.  A simplified  analysis  illustrating  the  principles  of  operation  of  the  tolodyno  two- 
degree-of-freedom,  elasticaliy-supportod,  tuned  gyroscope  and  the  results  of  a static  and  constant  rate  test  evaluation  of 
that  instrument  are  presented.  ABA  author. 

NASA-CR-1 37730  76/00/00  76N1606I 

FAILURE  DETECTION  AND  ISOLATION  INVESTIGATION  FOR  STRAPDOWN  SKEW  REDUNDANT  TETRAD 
LASER  GYRO  INERTIAL  SENSOR  ARRAYS 
Eberloin,  A.J.;  Lahm.T.G. 

Honeywell,  Inc.,  Minneapolis,  Minn.  (Government  and  Aeronautical  Products  Div.) 

The  degree  to  which  flight-critical  failures  in  a strapdown  loser  gyro  tetrad  sensor  ossenrbly  can  be  isolated  in  short-haul 
aircraft  after  a failure  occurrence  has  been  detected  by  the  skewed  sensor  failure-detection  voting  logic  is  investigated 
along  with  the  degree  to  which  a failure  in  the  tetrad  computer  can  be  detected  and  isolated  at  the  computer  level, 
assuming  a dual-redundant  computer  configuration.  Tlie  tetrad  system  was  meclianized  with  two  two-axis  inertial  naviga- 
tion channels  (INCS),  each  containing  two  gyro/accelerometer  axes,  computer,  control  circuitry,  and  input/output 
circuitry,  Gyro/accelerometer  data  is  crossfed  between  the  two  INCS  to  enable  each  computer  to  independently  perform 
the  navigation  task.  Computer  calculations  are  synchronized  between  the  computers  so  that  calculated  quantilites  are 
identical  and  may  bo  compared.  Fail-safe  perfornunce  (Identification  of  the  first  failure)  is  accomplisited  with  a proba- 
bility approaching  100  percent  of  the  time,  while  fail-operational  performance  (identification  and  isolation  of  the  first 
failure)  is  achieved  93  to  96  percent  of  the  time.  ABA  author. 


NASA-CR-144089  SR-S-28  74/05/31  76N13374 

FEASIBILITY  STUDY  OF  A DIGITAL  REBALANCE  LOOP  FOR  A DRY  TUNED  TDF  GYRO 
Coffman,  D.E. 

Tennessee  Univ.,  Knoxville.  (Dept,  of  Electrical  Engineering.) 

A two  degrees-of-freedom  (TDF)  rate  integrating  gyro  in  the  strapdown  mode  is  a candidate  for  attitude  sensing  in  a 
spacecraft  navigation  system,  since  it  provides  an  additional  axis  of  information  for  a relatively  small  increase  in  hardware 
complexity.  A type  of  gyro  which  has  not  been  fully  exploited  is  of  the  dry,  tuned,  TDF  design,  in  which  the  spring 
constant  of  the  suspension  system  is  effectively  cancelled  by  the  dynamic  antispring  ui  a swiveling,  rotating,  gimbal. 

The  use  of  this  unconventional  gyro  in  a digital  rebalance  loop  was  investigated.  ABA  author. 

NASA-TM-73 163  A-6924  77/06/00  77N261 1 1 

FLIGHT  TEST  RESULTS  OF  THE  STRAPDOWN  HEXAD  INERTIAL  REFERENCE  UNIT  (SIRU).  VOLUME  1 - 
FLIGHT  TEST  SUMMARY 
Hruby,  R.J.;  Bjorkman,  W.S. 

(Analytical  Mechanics  Assoc.,  Inc.,  Mountain  View,  Calif.)  National  Aeronaut!  s and  Space  Administration.  Ames 
Research  Center,  Moffett  Field,  Calif. 

Flight  test  results  of  the  strapdown  inertial  reference  unit  (SIRU)  navigation  system  are  presented.  The  fault-tolerant 
SIRU  navigation  system  features  a redundant  inertial  sensor  unit  and  dual  computers.  System  software  provides  for 
detection  and  isolation  of  inertial  sensor  failures  and  continued  operation  !•,•  the  event  of  failures.  Flight  test  results 
include  assessments  of  the  system’s  navigational  performance  and  fault  tolerance.  ABA  author. 

NASA-CR-1 30722  TRW-1 83 13-6002-RO-00  71/11/08  73N17712 

GENERAL  TEST  PLAN  REDUNDANT  SENSORS  STRAPDOWN  IMU  EVALUATION  PROGRAM 
Hartwell,  T.;  Irwin,  H. A.;  Miyatake,  Y.;  Wedekind,  D.E. 

TRW  Systems  Group,  Redondo  Beach,  Calif. 

The  general  test  plan  for  a redundant  sensor  strapdown  inertial  measuring  unit  evaluation  program  is  presented.  The 
inertial  unit  contains  six  gyros  and  three  orthogonal  accelerometers.  The  software  incorporates  failure  detection  and 
correction  logic  and  a land  vehicle  navigation  program.  The  principal  objective  of  the  test  is  a demonstration  of  the 
practicability,  reliability,  and  performance  of  the  inertial  measr;r:ng  unit  with  failure  detection  and  correction  in  opera- 
tional enviroments.  ABA  author. 

NASA-TM-X-2848  H-735  73/08/00  73N29713 

GROUND  AND  FLIGHT  EXPERIENCE  WITH  A STRAPDOWN  INERTIAL  MEASURING  UNIT  AND  A GENERAL 
PURPOSE  AIRBORNE  DIGITAL  COMPUTER 
Wolf,  T.D.;  McCracken.  R.C. 

National  Aeronautics  and  Space  Administration.  Flight  Research  Center,  Edwards,  Calif. 

Ground  and  flight  tests  were  conducted  to  investigate  the  problems  associated  with  using  a strapdown  inertial  flight  data 
system.  The  objectives  of  this  investigation  were  to  develop  a three  axis  inertial  attitude  reference  system,  to  evaluate  a 
self-alignment  technique,  and  to  examine  the  problem  of  tine-sharing  a general  purpose  computer  for  the  several  tasks 
required  of  it.  The  performance  of  the  strapdown  platform/computer  system  that  was  developed  was  sufficiently 
accurate  for  the  tasks  attempted.  For  flight  on  the  order  of  45  minutes  duration,  attitude  angle  errors  of  + or —.035 
radian  (+  or  -2  deg)  in  ail  axes  were  obson  ;d.  Laboratory  tests  of  the  self-alignment  technique  gave  accuracies  of  + or 
-.00075  radian  in  pitch  and  roll  axes  and  • or  -0.0045  radian  in  the  yaw  axis.  Self-alignment  flight  results  were  incon- 
sistent, since  a stable  solution  was  not  obtained  on  windy  days  because  of  aircraft  rocking  motions.  ABA  author. 

AD-A022324  Honeywell-1 7’..l 2865  SAMSO-TR43  74/12/00  77N73657 

HIGH  ALTITUDE  ATT  ITUDE  REFERENCE  STUDY 
Kert,  M.:  Boutelle.i.O 

HonewcU,  Inc.,  St  Petei-souig,  Fla.  (Aerosapcc  Div.) 

NASA-CR-1 44086  TP  •EE/EL-2  74/09/23  75N1337S 

HIGH-RESOLUTION  WIDTH-MODUUTED  PULSE  REBALANCE  ELECTRONICS  FOR  STRAPDOWN 
GYROSCOPES  AND  ACCELEROMETERS 
Kennedy,  E.J;  Blalock, T.V.;  Bryr.n.W.L.;  Rush,  K. 

Tennessee  Untv.,  Knoxville.  (Dept,  of  Electrical  Engineering.) 

Three  different  rebalance  electronic  loops  were  designed,  implemented,  and  evaluated.  The  loops  were  width-modulated 
binary  types  using  a 614.4  kHx  keying  signal;  they  were  developed  to  accommodate  the  following  three  inertial  sensors 
with  the  indicated  resolution  values:  (I)  Kearlbit  2412  accelerometer  - resolution  ==  260  micro-G/data  pulse, 

(2)  Honeywell  GG334  gyroscope  - resolution  » 3.9  milli-ARC-sec/data  pulse,  (3)  Kearl'olt  2401-009  accelerometer  -- 
resolution  « 144  milli-O/data  pulse.  Design  theory,  details  of  the  design  implementation,  and  experimental  results  for 
each  loop  ate  presented.  ABA  author. 


CNES-NT-32  76102100  76N27324 

INERTIAL  NAVIGATION 
Vanderlinden,  C. 

Centre  National  d’Etudes  Spatiales,  Toulouse  (France). 

Guidance,  control,  and  navigation  are  discussed,  using  the  launching  of  a satellite  as  a typical  case.  The  principal  possi- 
bilities for  the  realization  of  an  inertial  navigation  (strapped  down  or  gimballed  platform)  are  explained.  The  functioning 
of  the  inertial  platform  system  in  particular  is  described  by  considering  the  method  of  platform  stabilization,  the  principle 
of  operation  of  the  integrating  rate  gyroscope,  the  measurement  of  acceleration,  and  the  alignment  process  of  the  instru- 
ment cluster  with  particular  reference  to  the  method  of  gyro  compassing.  ABA  author  (ESA). 

AGARD-CP-116  73/02/00  73N20684 

INERTIAL  NAVIGATION  COMPONENTS  AND  SYSTEM 

Advisory  Group  for  Aerospace  Research  and  Development,  Paris  (France). 

Presented  at  the  15th  Meeting  of  the  Guidance  and  Control  Panel  of  AGARD,  Florence,  2-5  October  1972. 

76/00/00  77N14160 

INERTIAL  UNITS  FOR  ATTITUDE  CONTROL  OF  PROBE  ROCKETS 
Monier,  M.G. 

Societe  d’Application  Generates  d’Electricite  et  de  Mechanique,  Paris  (France). 

In  ESA  European  programmes  on  sounding-rocket  and  balloqn  res.  in  the  auroral  zone  P 513-524  (see  N77-14120  05-12) 

A Cassiopee  attitude  control  system  used  for  the  payload  of  Faust  astronomical  rockets  is  described.  It  is  a typical 
example  of  inertial  system  utilization  on  probe  rockets.  The  Cassiopee  system  includes  a gimballed  type,  inertial  attitude 
reference  unit  and  a strapped  down  type  fine  inertial  sensor  used  to  provide  stabilization  around  a fixed  direction.  In 
both  these  units,  the  inertial  sensor  is  a SAGEM  F type  ingrating  gyro.  The  flight  tests  carried  out  in  1974  and  1975  were 
successful.  The  equipment  which,  from  1977  onwards,  will  replace  the  Cassiopee  inertial  elements,  will  be  highly 
miniaturized.  ABA  author  (ESA). 

NLR-TR-76039-U  76/01/14  77N21411 

INVESTIGATION  OF  A CROSS-COUPLING  DRIFT  COMPENSATION  METHOD  ON  A SINGLE  AXIS  GYRO 
STABILIZED  PLATFORM 
Bosgra,  J.A.;  Mooy,  A.J.;  SmIlde.H. 

National  Aerospace  Lab.,  Amsterdam  (Netherlands).  (Space  Flight  Div.) 

The  rectification  drift  phenomenon  in  a semi-strapdown  system  mechanized  as  a single  axis  platform  (SAP),  and  a method 
to  compensate  for  it,  were  investigated  both  theoretically  and  experimentally.  In  a hardware  test  setup,  using  an  experi- 
mental SAP  composed  of  surplus  parts  from  the  former  Eldo-A  program,  the  theoretical  result  as  well  as  a proposed 
method  of  compensation  was  verified.  ABA  author  (ESA). 

NASA-CR-t32419  74/04/00  74N21289 

INVESTIGATION  OF  APPLICATION  OF  TWO-DEGREE-OF-FREEDOM  DRY  TUNED-GIMBAL  GYROSCOPES  TO 
STRAPDOWN  NAVIGATION  SYSTEMS 
Teledyne  Systems  Co.,  Northridge,  Calif. 

The  work  is  described  which  was  accomplished  during  the  investigation  of  the  application  of  dry-tuned  gimbal  gyroscopes 
to  strapdown  navigation  systems.  A conventional  strapdown  configuration,  employing  analog  electronics  in  conjunction 
with  digital  attitude  and  navigation  computation,  was  examined  using  various  levels  of  redundancy  and  both  orthogonal 
and  nonorthogonal  sensor  orientations.  It  is  concluded  that  the  cost  and  reliability  performance  constraints  which  had 
been  established  could  not  be  met  simultaneously  with  such  a system.  This  conclusion  led  to  the  examination  of  an 
alternative  system  configuration  which  utilizes  an  essentially  new  strapdown  system  concept.  This  system  employs  all- 
digital  signal  processing  in  conjunction  with  the  newly-developed  large  scale  integration  (LSI)  electronic  packaging  tech- 
niques and  a new  two-degree-of-freedom  dry  tuned-gimbal  instrument  which  is  capable  of  providing  both  angular  rate 
and  acceleration  information.  Such  a system  is  capable  of  exceeding  the  establisliod  performance  goals.  ABA  author. 

AD-784907  AFOSR-74-136TR  74/06/30  7SN77920 

INVESTIGATION  OF  STRAPDOWN  REFERENCE  SYSTEMS 
Bowles,  W.M. 

Oklaiioma  State  Univ.,  Stillwater.  (School  of  Mechanical  and  Aerospace  Engineering.) 

AD-A00923I  NADC-75030-60  75/04/04  7SN76484 

LABORATORY  INVESTIGATION  OF  THE  SUNDSTRAND  Q-FLEX  ACCELEROMETER 
Sapp,  W.F. 

Naval  Air  Development  Center,  Warminster,  Fa.  (Naval  Navigation  Lab.) 


FOA-C-200S5-E4  75/08/00  77N81671 

MEASUREMENTS  ON  THE  EXPERIMENTAL  SYSTEM  IN  THE  PROJECT:  BODY-FIXED  (STRAPPED-DOWN) 

NAVIGATION 

Lekzen,  L.;  Olseon,  K.E. 

Research  Inst,  of  National  Defence,  Stockholm  (Sweden). 

AD-A021526  C74-45S/201-VOL-1  AFAL-TR-75-2IO-V0I-I  76/02/00  77N12033 

MICRO  NAVIGATOR  (MICRON)  PHASE  2A.  VOLUME  2 - TECHNICAL  REPORT 
Miller,  J.M. 

Rockwell  International  Corp.,  Anaheim,  Calif.  (Autonetics  Group) 

The  micro  navigator  (Micron)  is  a low-cost  highly  reliable,  and  moderately  accurate  strapdown  inertial  navigator.  The 
heart  of  the  Micron  system  is  the  microelectrostatic  gyro  (MESG)  an  instrument  which  incorporates  an  all-attitude,  whole- 
angle  readout  from  an  electrostatically  suspended  rotor.  Under  previous  Air  Force  contracts  two  developmental  navigation 
systems  (NS7A-1  and  N57A-2)  were  developed.  The  objective  of  the  Micron  phase  2A  contract  was  to  test  N57A-1  and 
N57A-2;  to  design,  fabricate  and  integrate  two  gyro  subassemblies  and  one  gyro  test  station;  to  test  gyros  and  gyro  sub- 
assemblies;  and  to  perform  analyses,  studies  and  trade-offs  for  use  in  defining  the  Micron  system.  Both  N57A  systems 
were  flight  tested  and  the  capability  of  the  system  to  meet  the  position  accuracy  requirement  was  demonstrated.  N57A-1 
was  used  to  demonstrate  in-motion  Polhode  damping.  System  reliability  screen,  Scorsby  and  heading  sensitivity  tests  were 
successfully  conducted  on  N57A-2.  ABA  GRA. 

76/08/00  76N32154 

MICRO-NAVIGATOR  (MICRON) 

Schwarz,  J.A. 

Rockwell  International  Corp.,  Anaheim,  Calif. 

In  AGARD  Medium  Accuracy  Low  Cost  Navigation  14  P (see  N76-32148  23-04) 

The  Micron  strapdown  inertial  navigation  system,  developed  to  be  a low  cost  medium  accuracy  (one  nautical  mile  per 
hour  radial  position  error  CEP  rate)  navigation  system  for  future  aircraft/missiles  requiring  medium  accuracy,  was 
described.  The  heart  of  the  Micron  system  is  the  micro-electrostatic  gyro,  which  consists  of  a one  centimeter  diameter 
spherical  rotor  suspended  electrostatically  by  eight  capacitor  plates.  The  rotor  is  untorqued,  thus  avoiding  the  accuracy 
degradation  and  reliability  degradation  from  gyro  torquing  electronics.  The  gy:o  is  used  in  a strapdown  mechanization 
and  utilizes  a unique  mass-unbalance  modulation  technique  for  obtaining  whole  angle  readout  over  all  attitude  angles. 

Two  brassboard  Micron  systems  have  been  fabricated  and  tested.  The  test  results  indicate  better  performance  than  the 
one  nautical  mile/hr  performance  goal  under  all  environments  tested  (laboratory,  vibration,  shock,  cold  soak,  Scorsby, 
van  and  flight  test).  The  prototype  Micron  system  is  currently  being  designed,  and  a full  evaluation  test  program  is 
planned.  ABA  author. 

74/00/00  74N28096 

ON-LINE  ESTIMATION  OF  PARAMETERS  USING  EXPERIMENTALLY  DEVELOPED  GYRO  MODELS,  AND 
OTHER  APPLICATIONS 
Coffman,  V.D. 

Stanford  Univ.,  Calif. 

Strapdown  attitude  reference  systems  with  body  fixed  attitude  sensors  rely  on  gyros  to  maintain  the  reference  between 
attitude  measurements.  In  the  past,  gyro  drift  rate  was  compensated  in  inertial  navigators  but  scaling  errors  were  of  only 
minor  importance.  However,  for  inaneuvering  vehicles,  both  the  gyro  scale  factor  and  drift  must  be  compensated.  This 
research  is  an  investigation  of  performance  that  could  reasonably  be  expected  from  gyro  hardware  after  compensating 
both  multiplicative  (gyro  scale  factor)  and  additive  (gyro  drift)  error  sources.  A m^or  part  of  the  effort  was  devoted  to 
acquiring  test  data  on  six  gyros  and  developing  models  to  fit  these  data.  An  estimator  was  developed  that  will 
determine  the  gyro  model  parameters  on-line.  This  formulation  for  the  filter  equations  employs  direct  utilization  of 
measurements.  ABA  dissert,  abstr. 

AD-751654  72/06/00  73N 16633 

OPTIMIZATION  OF  THE  SHORT  RANGE  WEAPONS  CONTROL  SYSTEM 
Allen,  J.W. 

Naval  Postgraduate  School,  Monterey,  Calif. 

The  report  deals  with  the  evaluation  of  the  performance  of  a strapped  down  ai^to-air  tracker  for  the  short  range  weapons 
control  systent.  The  system  was  designed,  built,  and  evaluated  at  the  Naval  Weapons  Center.  Tlie  subsystems  of  the 
tracker  which  contributed  to  the  problem  areas  discovered  by  flight  tests  are  described.  An  evaluation  of  the  short- 
comings of  the  tracking  scan  mode  and  the  automatic  gain  control  circuit  is  discussed  and  circuit  modifications  are 
proposed  which  include  a collapsing  square  scan  for  target  tracking  and  a variable  width  window  discriminator. 

AD-7S9561  TOR-1001(9990)-5SAMSO-TR-73-l83  66/09/20  73N73226 

OPTIMUM  REDUNDANT  CONFIGURATIONS  OF  INERTIAL  SENSORS 
Ephgravo,  J.T. 

Aerospace  Corp.,  El  Segundo,  Calif.  (Technical  Operations.) 


NASA-CR-1 12206  73/03/00  73N20721 

PERFORMANCE  EVALUATION  OF  A STRAPDOWN  ELECTRICALLY  SUSPENDED  GYRO  FOR  SPACE 
Elwell,  D.F,;  Wacker,  J.C.;  Miletich,  J.M. 

Honeywell,  Inc.,  St  Petersburg,  Fla.  (Aerospace  Div.) 

The  engineering  development  directed  to  improvement  in  strapdown  electrically  suspended  gyro  (SD/ESG)  readout  accuracy 
are  described.  The  results  of  this  development  effort  were  represented  by  new  and  modified  parts  which  were  assembled 
into  a strapdown  ESG  which  was  evaluated  in  terms  of  its  readout  system  accuracy.  Tlie  program  performance  goal  was 
the  demonstration  of  gyro  readout  to  an  accuracy  of  1 5 arc-seconds  or  better.  The  results  of  calibrating  over  two  sets  of 
data  were  error  amounts  of  1 1 .4  and  1 2.7  arc-seconds  rms.  The  rms  values  of  readout  error  were  1 2.7  and  1 3.8  arc- 
seconds  for  two  sets  of  data  not  included  in  the  calibration.  The  techniques  for  rotor  preparation  which  were  investigated 
under  this  contract  included  the  application  of  a thin  metal  coating  to  the  rotor  surface  in  addition  to  the  use  of  bare, 
polished  beryllium  rotors.  Patterning  application  means  which  were  utilized  included  a laser  for  pattern  exposure  of  a 
photoresist  coating  and  a grit-blast  patterning  machine  which  applied  the  pattern  directly  onto  the  metal  surface  of  the 
rotor.  ABA  author. 

NASA-GR- 144220  IBM-76-227-003  76/03/02  76N20182 

POSITION  ERROR  PROPAGATION  IN  THE  SIMPLEX  STRAPDOWN  NAVIGATION  SYSTEM 
International  Business  Machines  Corp.,  Huntsville,  Ala.  (Federal  Systems  Div.) 

The  results  of  an  analysis  of  the  effects  of  deterministic  error  sources  on  position  error  in  the  simplex  strapdown  naviga- 
tion system  were  documented.  Improving  the  long  term  accuracy  of  the  system  was  addressed  in  two  phases,  under- 
standing and  controlling  the  error  within  the  system,  and  defining  methods  of  damping  the  net  system  error  through  the 
use  of  an  external  reference  velocity  or  position.  Review  of  the  flight  and  ground  data  revealed  error  containing  the 
Schuler  frequency  as  well  as  non-repeatable  trends.  The  only  unbounded  terms  are  those  involving  gyro  bias  and  azimuth 
error  coupled  with  velocity.  All  forms  of  Schuler-periodic  position  error  were  found  to  be  sufficiently  large  to  require 
update  or  damping  capability  unless  the  source  coefficients  can  be  limited  to  values  less  than  those  used  in  this  analysis 
for  misalignment  and  gyro  and  accelerometer  bias.  The  first-order  effects  of  the  deteministic  error  sources  were  deter- 
mined with  a simple  error  propagator  which  provided  plots  of  error  time  functions  in  response  to  various  source  error 
values.  ABA  author. 

NASA-CR- 1 45305  DOC-4033 14  76/lO/OC  77N21074 

PRELIMINARY  DESIGN  OF  A REDUNDANT  STRAPPED  DOWN  INERTIAL  NAVIGATION  UNIT  USING  TWO- 
DEGREE-OF-FREEDOM  TUNED-GIMBAL  GYROSCOPES 
Litton  Systems,  Inc.,  Woodland  Hills,  Calif. 

This  redundant  strapdown  INS  preliminary  design  study  demonstrates  the  practicality  of  a skewed  sensor  system  confi- 
guration by  means  of;  ( 1 ) devising  a practical  system  mechanization  utilizing  proven  strapdown  instruments, 

(2)  thoroughly  analyzing  the  skewed  sensor  redundancy  management  concept  to  determine  optimum  geometry,  data 
processing  requirements,  and  realistic  reliability  estimates,  and  (3)  implementing  the  redundant  computers  into  a low- 
cost,  maintainable  configuration.  ABA  author. 

73/02/00  73N20699 

PROGRESS  IN  STRAPDOWN  TECHNOLOGY 

Hung,  J.C.;  Doane,  G.B.,  III 

(Tenn.  Univ.,  Knoxville)  National  Aeronautics  and  Space  Administialion.  Marshall  Space  Flight  Center,  Huntsville,  Ala. 

In  AGARD  Inertial  Navigation  Components  and  Systems  9 P (see  N73-20684  11-21) 

An  overview  is  presented  of  typical  inertlai  grade  instrumentation  available  to  mechanize  precision  strapdown  attitude 
reference  systems  as  well  as  a novel  scheme  of  redundancy  management,  if  two  degree  of  freedom  instruments  arc  used. 
The  instrumentation  is  divided  between  conventional  and  unconventional  sensors  with  some  assessment  of  their  readiness 
included.  ABA  author. 

NASA-CR-86198-(DEL)TRW-07398-6027-RO-0(KDEL)  68/11/00  74N70335 

RADIO/OPTICAL/STRAPDOWN  INERTIAL  GUIDANCE  STUDY  FOR  ADVANCED  KICK  STAGE  APPLICATIONS. 
VOLUME  2 - DETAILED  STUDY  RESULTS  (TASKS  3 AND  4).  PART  2 - PRELIMINARY  MODULAR  DESIGN 
(DEL.) 

TRW  Systems  Group,  Redondo  Beach,  Calif. 

NASA-CR-140328  E-:398  69/06/00  75N70026 

REAL-TIME  STRAPDOWN-ATTITUDE  PACKAGE  EVALUATIONS 
Gilmore,  J.P.;  McKern,  R.A.;  Swanson,  O.W. 

Massachusetts  Inst,  of  Tech.,  Cambridge.  (Instrumentation  Lab.) 

Presented  at  AIAA  Guidance,  Control  and  Flight  Mech.  Conf.,  Princeton,  N.J.,  August  1969. 


NASA-CR-138838  BSER-6197  73/00/00  74N29116 

RI 1 170  ADVANCED  STRAPDOWN  GYRO 
Hamilton  Standard,  Windsor  Locks,  Conn. 

The  major  components  of  the  RI  1 170  gyroscope  are  described.  A detailed  functional  description  of  the  electronics 
including  block  diagrams  and  photographs  of  output  waveshapes  within  the  loop  electronics  are  presented.  An  electronic 
data  flow  diagram  is  included.  Those  gyro  subassemblies  that  were  originally  planned  and  subsequently  changed  or  modi- 
fied for  one  reason  or  another  are  discussed  in  detail.  Variations  to  the  original  design  included  the  capacitive  pickoffs, 
torquer  flexleads,  magnetic  suspension,  gas  bearings,  electronic  design,  and  packaging.  The  selection  of  components  and 
changes  from  the  original  design  and  components  selected  are  discussed.  Device  failures  experienced  throughout  the 
program  are  reported  and  design  corrections  to  eliminate  the  failure  modes  are  noted.  Major  design  deficiencies  such  as 
those  of  the  MSE  electronics  are  described  in  detail.  Modifications  made  to  the  gas  bearing  parts  and  design  improve- 
ments to  the  wheel  are  noted.  Changes  to  the  gas  bearing  prints  are  included  as  well  as  a mathematical  analysis  of  the 
1 170  gas  bearing  wheel  by  computer  analysis.  The  mean  free-path  effects  on  gas  bearing  performance  is  summarized, 
ABA  author. 


AD-A024977  RG-7641  76/01/00  77N12102 

SIMULATION  MODELS  AND  BASELINE  GUIDANCE  AND  CONTROL  FOR  INDIRECT-FIRE  MISSILES  WITH 
STRAPDOWN-INERTIAL  GUIDANCE 
Jordan,  W.E. 

Army  Missile  Research,  Development  and  Engineering  Lab.,  Red.stoue  Arsenal,  Ala. 

(Guidance  and  Control  Directorate.) 

The  simulation  models  and  baseline  guidance  and  control  described  in  this  report  were  developed  to  define  performance 
requirements  for  the  airframe,  propulsion,  guidance,  autopilot,  and  control  systems  for  strapdown-inertially  guided 
indirect-fire  missiles.  A type  of  proportional  navigation  guidance  using  missile  to  target  relative  velocity  and  position  is 
derived  and  has  the  property  of  being  able  to  shape  the  missile  tr^ectory  for  range  extension  and  instrument  error  mini- 
mization. Typical  inputs  for  inertial  instruments  and  control  system  performance  and  sizing  are  obtained.  ABA  author 
(GRA). 

SAND-76-0620  77/01/00  77N30104 

SIMULATION  OF  INERTIAL  INPUTS  TO  A STRAPDOWN  PLATFORM  FOR  INERTIAL  GREAT  CIRCLE 

TRAJECTORIES 

Perdreauville,  F.J. 

Sandla  Labs.,  Albuquerque,  N.  Mex. 

Equations  are  developed  for  computing  inertial  accelerations  and  angular  rates  that  would  be  measured  by  the  accelero- 
meters and  gyroscopes  in  a strapdown  inertial  platform.  The  accelerations  and  angular  rates  arc  computed  for  a body 
that  Is  moving  in  an  inertial  great  circle  trajectory.  A Fortran  computer  code  which  implements  the  calculations  is  listed. 
ABA  ERA. 

NASA-CR-t47679  REPT-0872-11055-VOL-1  72/10./06  76N7.'5141 

SPACE  SHUTTLE  STRAPDOWN  INERTIAL  MEASURING  UNIT  PROGRAM  ANALYSIS.  VOLUME  1 - 

MANAGEMENT  SUMMARY 

Honeywell,  Inc.,  St  Petersburg,  Fta.  (Aerospace  Div.) 

NASA-CR-147680  REPT-0872-n055-VOL-2  72/10/06  76N75142 

SPACE  SHUTTLE  STRAPDOWN  INERTIAL  MEASURING  UNIT  PROGRAM  ANALYSIS.  VOLUME  2 - 
TECHNICAL 

Honeywell,  Inc.,  St  Petersburg,  Fla. 

75/00/00  76NI9221 

SPACEFLIGHT  TECHNOLOGY  AT  NLR 
National  Aerospace  Lab.,  Amsterdam  (Netherlands). 

Tlte  inertial  guidance  system  testing  facilities  built  for  the  Eldo  Buropa  2 launch  vehicle  are  described.  Strapdown  inertial 
systems  and  double  gimballed  momentum  wheels  for  attitude  control  of  spacecraft  were  developed.  Mission  anatysis 
studios  for  ESRO  satoltites  were  pertermed.  Tlie  astronomical  Netherlands  satellite  Is  controlled  by  an  NLP  operMions 
team.  Studies  for  ESRO  Helos  (.EXOSAT)  satellite  experiments  and  ESRO  spacelab  user  raquiremcnis  were  aim  pe^ 
formed.  ABA  ESA. 


N ASA-CR-1 20428  R-826-VOL-2  74/07/00  74N32100 

STANDARDIZED  STRAPDOWN  INERTIAL  COMPONENT  MODUUKI'n'  STUDY,  VOLUME  2 
Feldman.  J. 

Draper  (Charles  Stark)  Lab.,  Inc.,  Cambridge,  Moss. 


To  obtain  cost  effective  strapdown  navigation,  guidance  and  stabilization  systems  to  meet  anticipated  fiiture  needs  i 
standardized  modularized  strapdown  system  concept  U proposed.  Iliree  performance  classes,  hi|^,  medium  and  low, 


are  suggested  to  meet  the  range  of  applications.  Candidate  inertial  instruments  are  selected  and  analyzed  for  interface 
compatibility.  Electronic  packaging  and  processing,  materials  and  thermal  considerations  applying  to  the  three  classes 
are  discussed  and  recommendations  advanced.  Opportunities  from  automatic  fault  detection  and  redundancy  are 
presented.  The  smallest  gyro  and  accelerometer  modules  are  projected  as  requiring  a volume  of  26  cubic  inches  and 
23.6  cubic  inches,  respectively.  Corresponding  power  dissipation  is  projected  as  5 watts,  and  2.6  watts  respectively. 
ABA  author. 


NASA-CR-1 37585  75/00/00  75/N17328 

STRAPDOWN  COST  TREND  STUDY  AND  FORECAST 
Eberlein,  A.J.;  Savage,  P.G. 

Honeywell,  Inc.,  Minneapolis,  Minn.  (Government  and  Aeronautical  Products  Div.) 

The  potential  cost  advantages  offered  by  advanced  strapdown  inertial  technology  in  future  commercial  short-haul  aircraft 
are  summarized.  The  initial  procurement  cost  and  six  year  cost-of-ownership,  which  includes  spares  and  direct  mainte- 
nance cost  were  calculated  for  kinematic  and  inertial  navigation  systems  such  that  traditional  and  strapdown  mechaniza- 
tion costs  could  be  compared.  Cost  results  for  the  inertial  navigation  systems  showed  that  initial  costs  and  the  cost  of 
ownership  for  traditional  triple  redundant  gimbaled  inertial  navigators  are  three  times  the  cost  of  the  equivalent  skewed 
redundant  strapdown  inertial  navigator.  The  net  cost  advantage  for  the  strapdown  kinematic  system  is  directly  attribut- 
able to  the  reduction  in  sensor  count  for  strapdown.  The  strapdown  kinematic  system  has  the  added  advantage  of 
providing  a fail-operational  inertial  navigation  capability  for  no  additional  cost  due  to  the  use  of  inertial  grade  sensors  and 
attitude  reference  computers.  ABA  author. 

NASA-CR-1 5(M58  77/10/00  78N11368 

STRAPDOWN  GYRO  TEST  PROGRAM 
Irvine,  R.B.;  Vanalstine,  R. 

Teledyne  Systems  Co.,  Northridge,  Calif. 

The  power  spectral  noise  characteristic  performance  of  the  telcdyne  two-degroe-of-freedom  dry  tuned  gimbal  gyroscope 
was  determined.  Tests  were  conducted  using  a current  configuration  SDG-5  gyro  in  conjunction  with  test  equipment 
with  minor  modification.  Long  term  bias  stability  tests  were  conducted  as  well  as  some  first  difference  peiionnance 
tests.  The  gyro,  test  equipment,  and  the  tests  performed  are  described.  Results  are  presented.  ABA  author. 

73/02/00  73N20688 

STRAl»DOWN  INERTIAL  GYROSCOPE 
Sapuppo,  M.S. 

Massachusetts  Inst,  of  Tech.,  Cambridge.  (Charles  Stark  Draper  >.ab.) 

In  AGARD  Inertial  Navigation  Components  and  Systems  10  P tseo  N73-20684  11-21) 

A miniature  singlcHlegrec-of-freedom  gyroscope  has  Ireon  developed  for  the  applkation  to  a strapdown  inertial  gtiidance 
system.  Ttiis  development  is  based  on  many  years  of  experience  with  the  design  and  develotmtent  of  high-perfonnanee 
pendulous  integrating  gyroscopic  accelerometers  (PICA).  By  tutiizing  basic  design  prindptes  of  the  gyroscopic  elentent 
contained  in  the  PIGA,  which  by  nature  of  tire  PIGA  operation  presents  a slew  environment  to  the  gyroscopic  clement, 
u strapdown  gyroscope  evolves  whldt  operates  and  performs  exceptionally  well  under  high  Uncar  accelerations  and  hi^i 
slew  rates,  litis  paper  describes  a strapdown  gyroscope  that  is  less  than  I 1/2  indies  in  diameter  by  2 inches  in  length 
and  weighing  under  1/2  pound.  1lic  angular  momentum  is  only  8.5  x 1 ,000  dync-cm-scc.  whielt  gives  it  several  natural 
benefits  of  small  size,  low  power  consumption,  high  reUahility,  and  reasonable  cost.  To  actiieve  high  performance  witli 
low  angular  momentum,  low  uncertainty  torques  are  required  about  the  output  axis  of  the  gyroscope,  llie  design  of 
this  strapdown  gyroscope  involved  the  systematic  identification  of  each  error  source  coupled  with  the  introduction  of 
suticomponenl  desigrt  prindptes  to  reduce  these  error  magnitudes  and  tlterefoie  minimize  the  consequential  soutcc.,  -A' 
uncertainty  torque.  ABA  author. 

NASA-C'R-l  33055  TR-147-1  70/01/31  73N729S8 

STRAPIXIWN  SENSOR  TESl'S  AND  TEST  DATA  ANALYSIS 
Crawford,  B.S.  AV02607S 


NASA-CR-13S484R-743-VOL-I  73/02/00  73N3I609 

STRAPDOWN  SYSTEM  PERFORMANCE  OFTt,MiZATION  TEST  BVALUAllONS  (SPOIT.  VOLUME  I 
Biaha,  R.J.;  Giltnorc,  J.P. 

Massachusetts  Inst,  of  Tech.,  Cambridge.  (Charles  Stark  Draper  Lab.) 


A thm  axis  inertial  system  was  packaged  in  on  ApoUo  i^mbal  fixture  for  fine  grain  evaluation  of  strapdown  system  per- 
formance in  dynamic  environments.  Ihese  evatnations  have  provided  information  to  assess  the  effectiveness  of  teaRimc 
compensation  techniques  and  to  study  system  performance  tradeoffs  to  factors  such  as  quantization  and  iteration  rale. 
Hie  strapdown  performance  and  tradeoff  studies  conducted  include  ( I ) compensation  models  and  techniques  for  the 
inertial  instrument  first-order  error  terms  were  developed  and  compensation  cficclivity  was  demonstrated  in  four  basic 
environments;  single  and  multi-axis  stew,  and  single  and  multi  axis  oscillatory.  (2)  the  theoretical  coning  b-imlwidih 
for  the  fiist-order  quaternion  algorithm  expansion  was  veiificd.  (3)  gyro  loop  quaniizslion  was  identified  to  affect 
proportionally  the  system  attitude  uncertainty.  (4)  land  navigation  evaluations  identified  the  requirement  for  accuiute 


ABAitttltOiV  . 

A.1 ; 


NASA-CR-1 36083  R-743-VOL-2  73/02/00  74N12355 

STRAPDOWN  SYSTEM  PERFORMANCE  OPTIMIZATION  TEST  EVALUATIONS  (SPOT),  VOLUME  2 
Blaha,  R.J.;  GUniore,  J.P. 

Massachusetts  Inst,  of  Tech.,  Cambridge.  (Charles  Stark  Draper  Lab.) 

A three  axis  inertial  system  is  packaged  in  an  Apollo  gimbal  fixture  for  fine  grain  evaluation  of  strapdown  system  perfor- 
mance in  dynamic  environments.  These  evaluations  have  provided  informatibn  to  assess  the  effectiveness  of  real-time 
compensation  techniques  and  to  study  system  perfoimance  tradeoffs  to  factors  such  as  quantization  iteration  rate.  The 
strapdown  performance  and  tradeoff  studies  conducted  in  this  program  are  discussed.  ABA  author. 

73/02/00  73N20685 

STRAPPED  DOWN  INERTIAL  GUIDANCE  SYSTEM  STUDY 
Fontana,  R.B. 

Officine  Galileo  SpA,  Florence  (Italy). 

In  AGARD  Inertial  Navigation  Components  and  Systems  42  P (see  N73-20684  11-21) 

The  sources  and  magnitudes  of  errors  occurring  in  a strapped  down  environment  are  discussed.  The  functions  of  the 
accelerometers  and  gyroscopes  in  a strapped  down  system  are  described,  The  parameters  which  must  be  investigated 
and  defined  to  evaluate  the  performance  of  a stabilized  platform  are  tabulated.  The  requirements  of  inertial  sensors  for 
maintaining  vehicle  attitude,  velocity,  and  position  are  examined.  Mathematical  models  for  determining  the  errors 
produced  by  various  parameters  which  affect  the  inertial  system  arc  developed.  Diagrams  of  typical  strapdown  systems 
are  included.  ABA  P.N.F. 

ESS/SS-738-VOL-1  ESA-CR(P)-920-VOL-l  77/01/00  77N23179 

STUDY  OF  STRAPDOWN  INERTIAL  OPTICAL  ATTITUDE  MEASUREMENT  SYSTEMS.  VOLUME  I 
Todman,  0.;  Eardiey,  D.;  Hutcheson.  J.;  Callard,  L. 

British  Aircraft  Corp.  (Operating)  Ltd.,  Bristol  (England).  (Electronics  and  Space  Systems  Group.) 

A study  is  repotted  on  attitude  measurement  systems  using  outputs  of  optical  arid  inertial  sensors  combined  to  provide 
a high  quality  attitude  reference  of  spacecraft  or  Inertial  platforms,  undergoing  both  small  attitude  precision  motion  4* 
(pointing  mode),  and  large  angle  slevring  motion.  The  systems  considered  use  a star  tracker  capable  of  tracklng'two 
stars,  and  inertial  quality  rate  integrating  gyros.  Processing  is  carried  out  digitally  using  a processor  based  on  thi^ adaptive 
control  electronics  fACE)  computer.  Two  types  of  sensor  mathematical  m^els  are  discussed.  Methods  are  evat^led 
of  determining  the  satoUite's  attitude  during  a targe  angle  dew  maneuver.  ABA  FSA. 

ESS/SS-738.VOL-2ESA-CR(P)-‘>20-VOL*2  77/01/00  77N23180 

STUDY  OF  SITIAPOOWN  INERTIAL  OniC.AL  AllTn/DE  MEASUREMENT  SYSimtS,  VOLUME  2 
Todman.  D.;  Eardiey,  D.;  Hutcheson,  J.:  Callard,  L. 

Brllislt  Aircraft  Corp.  (Operating)  Ltd.,  Bristol  (England).  (Blectroolcs  and  Space  Systems  Group.) 

A study  is  reported  on  attitude  measurement  systems  using  outputs  of  optical  and  inertial  sensors  combined  to  provide 
a liigi)  quality  attitude  reference  of  spacecraft  or  inertial  platfomrs.  undergoing  Insth  small  attitude  precision  motion 
({Hiinting  m^e),  and  a large  angle  stewing  motion.  The  systems  considered  use  a star  tracker  capable  of  tracking  two 
stars,  and  inertial  quality  rate  integrathig  gyros.  Processing  is  carried  out  digitally  using  a processor  based  on  the  adaptive 
control  electronics  (ACE)  comimter.  Ihc  determination  of  the  attitude,  expressed  in  times  of  tnodiBcd  Euler  angles, 
udn#  filtering  techniques  U described.  Tltese  factors  are  derived  using  Wiener  theory,  and  they  optimally  ml.x  the  star 
tracker  and  gyro  outputs.  Application  of  the  preferred  form  of  attitude  mcasuroment  is  cotuidered  for  a specific  satellite 
mission.  ABA  ESA. 

liS.S/SS-77  2-V0L'3  IiSA-C'R(P)  V20-VOL-.l  77/02/00  77N  23 1 8 1 

STUDY  OF  SITtAPDOWN  INERTIAL  OPTICAL  ATItlUDE  MEASUREMENT  SYSTEMS,  VOLUME  3 
Todman.  D. 

British  Aircraft  Corp.  ((^rating)  Lid.,  Bristol  (England).  (Ekcironics  and  Space  Systems  Croup.) 

A study  is  trportid  on  altitude  measurement  systems  ushtg  outputs  of  or'tieal  and  itvertial  sensors  combined  to  ptovide 
a higli  quality  attitude  rcfcreooc  of  spacecraft  or  inciitat  platrorms.  umletgoini  both  small  attitude  pfccisbn  motion 
(pointing  mode),  attd  a large  angle  stewing  molioit.  The  systems  considered  use  a star  tracker  capable  of  irackiitg  two  star 
stats,  and  inertial  quality  rate  integrating  gyros.  Processing  is  carried  out  digitally  by  a microprocessor.  Major  results 
and  problem  areas  arc  sumtnarued.  ABA  ESA. 

NAL-m-34V  7S/11/00  76N7635 

STUDY  ON  A WIDE  ANGLE  MINIATURE  INTEGRAI  ING  GYRO  FOR  STRAHX)WN  SYSTEM 
Oisuki,  M.;  Sditngu.  II.,  Suituki.T.;  Enkyo, S.;  Tabaia,!. 

National  Acrotpaoe  Lab.,  Tokyo  (Japan). 


76/08/00  76N32174 

SYSTEM  APPROACH  TO  PRACTICAL  NAVIGATION 
Chin.J.W.;  Weaver.  R.E.,Jr 

(Northrop  Electronics  Div.)  Air  Force  Avionics  Lab.,  Wright-Patterson  AFB,  Ohio. 

.In  AGARD  Medium  Accuracy  Low  Cost  Navigation  14  P (see  N76-32148  23-04) 

A background  introduction  is  presented  of  various  navigation  sensors  discussing  their  characteristics  and  limitations. 

The  forthcoming  satellite  navigation  system,  Navstar  Global  Positioning  System  (GPS),  will  be  exploited  as  an  ultimate 
capability  of  providing  L band  signals  from  which  position,  velocity,  and  time  can  be  determined.  This  dual  capability 
wilt  simplify  the  implementation  of  integrated  systems.  A typical  medium  accuracy  system  is  described.  The  widely 
accepted  inclusion  of  an  inertial  subsystem  will  be  emphasized  on  the  merit  of  a multlfui  ctional  capability  beyond  that 
for  navigation.  Roles  in  flight  control,  instrumentation,  and  augmentation  of  mission  avionics  are  recognized.  The 
strapdown  mechanization  and  associated  instruments  are  introduced  to  discuss  a potential  alternative  to  the  conventional 
all  attitude,  gimballed  platfomi.  These  advances  provide  the  attributes  to  accomplish  low  cost  designs  of  medium 
accuracy  navigation  systems.  Integration  of  available  sensor  data  to  provide  the  required  navigation  performance  is  con- 
sidered the  most  effective  method  of  attaining  low  cost  equipment.  Modularity  expressed  in  the  design  will  provide 
flexibility  and  adaptability  to  a broad  class  of  users.  A total  performance,  costs  of  ownership,  approach  is  used  to  verify 
system  design  and  selection.  ABA  author. 

NASA-CR-1 36033  R-746-VOL-1  73/07/00  74N106i6 

SIRU  DEVELOPMENT.  VOLUME  1 - SYSTEM  DEVELOPMENT 
Gilmore,  J.P.;  Cooper,  R.J. 

Massachusetts  Inst,  of  Tech.,  Cambridge.  (Charles  Stark  Draper  Lab.) 

A complete  description  of  the  development  and  initial  evaluation  of  the  strapdown  inert.ial  reference  unit  (SIRU)  system 
is  reported.  System  development  documents  the  system  mechanization  with  the  analytic  formulation  for  fault  detection 
and  isolation  processing  structure;  the  hardware  redundancy  design  and  the  individual  modularity  features;  the  computa- 
tional structure  and  facilities;  and  the  initial  subsystem  evaluation  results.  ABA  author, 

NASA-CR-135S09  R.746-VOL-2  73/06/00  73N3160S 

SIRU  DEVELOPMENT.  VOLUME  2 - GYRO  MODULE 
Cooper.  R.;  Shuck.  T. 

Massachusetts  Inst,  of  Tech.,  Cambridge.  (Charles  Stark  Draper  Lab.) 

Tlte  design.  operMion.  performance  and  test  of  the  gyro  module  and  tu  tHreuit  armponenis  are  described  for  the  strap- 
down  inertial  reference  unit  system.  ABA  auiimr. 

NASA<R-12S965  R-74(».VOt-3  73/03/00  73N.77567 

SIRU  DEVELOPMENT.  VOLUME  3 SOFTWARE  DESCRIPTION  AND  PR(XiRAM  DOCUMEm’ATlON 
Oehric,  1. 

Massachusetts  Inst  of  Tech.,  Cambridge.  (Charles  Stark  Draper  l4b.) 

The  development  and  initial  evaluauon  of  a stra|xlown  inertial  reference  unit  tSlRU) system  are  dittusted.  Tire  SfRU 
configuration  is  a modular  inertial  sutnO’Stem  with  hardware  and  software  features  that  achieve  fatili  tolerant  operational 
capabililks.  Tire  SIRU  redundant  hardware  design  is  formulated  atmui  a six  gyro  and  sia  accvlctometer  instrument 
module  package.  The  six  axes  array  provides  redundant  iiidcpendent  .censing  and  this  symmetry  enables  (he  forntulation 
of  at)  oplhnal  software  redundant  data  processing  structure  with  self-contained  fault  detection  attd  tso«atiott  (FDt) 
cagrahilitics.  The  basic  SIRU  software  ^ing  system  used  in  the  DDP-S  16  computer  is  documented.  ABA  author. 

NASA-CR-l3!sS?4R-747.VOL*l  74/03/00  74N2809S 

SIRU  imUitAtlON.  VOLUME  I THEORY.  DEVELOPMENT  AND  TEST  EVALUATION 
Musoff,  H. 

Draper  (Charles  Stark)  Lab.,  Inc..  Cambridge  Mass.' 

Hk  theory,  development,  and  test  cvaltrations  of  the  strapdown  inertial  reference  unit  (SIRU)  are  discussed,  The 
statistical  failure  detection  and  isalation.  singte  podtkm  calibration,  and  seif  alignment  Icchniquei  ate  emphasized. 
Circuit  diagrams  of  the  system  components  ate  provided.  Mathematical  models  ate  developed  to  show  the  pcrfc.tnsncc 
characteristics  of  the  subsystems.  Specific  areas  of  Ibc  utilization  program  ate  id^tilkd  as:  ( 1 ) error  louzec  ptop^tion 
characteristics  and  (2)  local  level  navigalton  performance  demoiutratioos.  ABA  auUuir. 

NASA-CR-1  36022  R.747-VOL-2  73/06/00  74NI0617 

SIRU  UTILIZATION.  V OLUME  2 SOFTWARE  DESCRIPTION  AND  i’ROCRAM  DOCUMEN1  ATION 
Ochrtc.  Whitircdge,  R. 

Massachusetts  Ittsl.  of  Tech.,  Cambridge  (Cbirtes  Stark  Diaper  Lab.) 

A complete  description  of  the  additional  atialytu,  development  and  evaluation  provided  for  Ibc  SIRU  sysfeth  ^ identi- 
fied in  the  requirements  fisr  the  SIRU  utiluation  progiatn  it  presented,  the  SIRU  conflguralton  (s.a  m^ular  suhsystrifn 
with  hardware  and  software  features  (hat  aebtese  fault  iiderani  operational  capabdities.  The  SIRU  redundant  hatdwale 
design  is  formulated  about  a six  gyro  am)  six  acoelcrometcr  Instiument  module  p*ckitf.  The  modules  ate  rnounted  in 


this  package  so  that  their  measurement  input  axes  form  a unique  symmetrical  pattern  that  corresponds  to  the  array  of 
perpendiculars  to  the  faces  of  a regular  dodecahedron.  This  •’.ix  axes  array  provides  redundant  independent  sensing  and 
the  symmetry  enables  the  formulation  of  an  optimal  software  redundant  data  processing  structure  with  self-contained 
fauh  detection  and  isolation  (FDI)  capabilities.  Documentation  of  the  additional  software  and  software  modifications 
required  to  implement  the  utilization  capabilities  includes  assembly  listings  and  flow  charts.  ABA  author. 

/6/08/00  76/N32162 

THE  APPLICATION  OF  RING  LASER  GYRO  TECHNOLOGY  TO  LOW-COST  INERTIAL  NAVIGATION 
Ball,  W.F. 

Naval  Weapons  Center,  China  Lake,  Calif. 

In  AGARD  Medium  Accuracy  Low  Cost  Navigation  16  P (see  N76-32148  23-04) 

The  advanced  tactical  inertial  guidance  system  (ATIGS),  a strapdown  system  using  ring  laser  gyros  (RLGS),  low-cost 
accelerometers,  and  large-scale  integrated  circuitry  computer  technology,  was  described.  Although  primarily  developed 
for  a long-range  tactical  missile  application,  the  system  mechanization  that  has  evolved  is  directly  applicable  to  aircraft 
inertial  navigation.  The  first  ATIGS  unit  entered  captive  flight  evaluations  in  a pod  on  a A-7E  aircraft  on  20  June  1974. 
Results  achieved  during  this  first  series  of  tests  showed  approximately  4 nmi/hr  radial  error.  In  March  1975,  ATIGS 
was  flight-tested  as  an  aircraft  navigator,  with  ground  self-alignment  and  with  flight  times  of  3 to  4 hours.  In  these  tests 
an  average  circular  error  probable  radial  error  of  2.16  nmi/hr  was  obtained.  The  ring  laser  gyro  RLG  appears  to  offer  a 
truly  low-cost  alternative  for  future  aircraft  inertial  navigation  based  on  the  results  of  the  ATIGS  program.  Further 
ATIGS  results  have  indicated  that  excellent  long-term  stability  can  be  expected  from  these  unconventional  instruments. 
These  factors  indicate  that,  if  properly  integrated  with  low-cost  accelerometers  and  appropriate  low-cost  digital 
computers,  a medium-accuracy,  low  cost  inertial  navigator  is  possible.  ABA  author. 

73/02/00  73N20698 

THE  EVOLUTION  OF  ESG  TECHNOLOGY 

Warzynski,  R.R.;  Ringo,  R.L. 

Air  Force  Avionics  Lab.,  Wright-Patterson  AFB,  Ohio. 

In  AGARD  Inertial  Navigation  Components  and  Systems  8 P (see  N73  20684  11-21) 

Two  electrostatic  gyre  (ESG)  navigation  systems  are  described,  the  gimbaled  ESG  aircraft  navigation  system  (GEANS) 
and  the  strapdown  ESG  micro-navigator  (Micron).  The  ESG,  its  drift  error  sources,  the  exploratory  program  that 
preceded  the  development  of  the  GEANS  and  Micron,  and  the  status  of  the  GEANS  and  Micron  development  ore 
reported.  ABA  tuthor. 

NASA-CR-140327  E-2392  69/06/00  75N74041 

THE  GYROSCOPE  IN  TORQUE-TO-BALANCE  STRAPDOWN  APPLICXtION 

Gilmore, J.P.;  Feldman,!. 

Massachusetts  Inst,  of  Tech.,  Cambridge.  (Instrumentation  Lab.) 

Presented  at  AIAA  Guidance,  Control  and  Flight  Mech.  Conf.,  Princeton,  N.J.,  August  1969. 

NASACR-l  50048  SGD4284-0742  74/03/00  77N7 1 1 20 

THREE  AXIS  STRAPDOWN  RING  LASER  GYRO  INERTIAL  MEASUREMENT  UNIT  MODEL  8300 
Sperry  Gyroscope  Co.,  Great  Neck,  N.Y. 

AD-78475^  AFFDL-TR-73-80  73/10/00  75N10908 

WANDER  AZIMUTH  IMPLEMENTATION  ALGORITHM  FOR  A STRAPDOWN  INERTIAL  SYSTEM 
Maybeck,  P.S. 

Air  Force  Flight  Dynamics  Lab.,  Wright-Patterson  AFB,  Oliio. 

The  report  develops  the  algorithm  for  deriving  attitude,  heading,  and  navigation  information  from  a strapdown  inertial 
system.  Beginning  with  the  fundamental  physical  rclutionsliips,  it  develops  all  required  equations  and  progresses  to  tite 
onboard  implementation  of  the  algorithm.  Significant  features  of  the  algrrithm  include:  ( I ) computations  performed  in 
the  wander  azimuth  coordinate  frame  to  provide  a system  capable  of  0|>erating  in  the  polar  regions:  (2)  separation  into 
four  loops  of  different  interaction  rates.  This  maintains  rapid,  accurate  updating  of  the  direction  cosine  matrix  involving 
vehicle  attitude,  while  processing  other  information  and  extracting  display  data  at  appropriately  siower  rates:  (3)  fourth 
order  Runge-Kutta  integration  of  quaternions,  using  second  order  rate  extraction,  to  update  the  attitude  direction 
cosine  matrix;  (4)  specification  of  the  computations  timt  require  double  precision  for  adequate  performance:  (S)  third 
order  damping  of  the  vertical  channel  by  moans  of  barometric  uitimeter  data.  Tite  applicability  of  this  algorithm  to  a 
range  of  vehicle  and  mission  environments  is  indicated,  the  required  adaptations  beiitg  easily  perfomtod  for  cacii  particular 
implementation.  ABA  author  (GRA). 


PART  2 


77/00/00  n\32962 

‘STRAPDOWN  SYSTEMS’  - A NEW  GENERATION  OF  INERTIAL  NAVIGATION  SYSTEMS 
Stieler,  B. 

(Deutsche  Forschungs-  und  Versuchsanstalt  fuer  Luft-und  Raumfahrt,  Institut  fuer  Flugfuehrung,  Braunschweig, 
West  Germany) 

Ortung  und  Navigation,  No.l , 1977,  p.6S-100.  In  German. 


A description  is  presented  on  the  principles  of  operation  of  strapdown  systems.  Advantages  and  technological  problems 
of  strapdown  ..ystems  in  comparison  to  conventional  platform  systems  are  discussed.  The  technological  problems  are 
mainly  related  to  the  employed  gyroscope.  Attention  is  given  to  difficulties  encountered  in  connection  with  the  use  of 
various  gyroscope  types.  Problems  related  to  the  self-alignment  of  the  system  and  the  more  exacting  requirements  in 
the  case  of  the  navigational  computer  are  also  considered.  ABA  G.R. 


75/00/00  76A10117 

A COMPUTER  COMMUNICATION  SYSTEM  FOR  CALIBRATION  OF  A PRECISION  STRAPDOWN  INERTIAL 
NAVIGATION  SYSTEM 
Kourilsky,  G.N.;  Donoghue,  PJ. 

(Teledyne  Systems  Co.,  Northridge,  Calif.) 

In  Appli  d Communication  Technology;  Proceedings  of  the  Region  Six/Westem  U.SA/Conference,  Salt  Lake  City,  Utah, 
May  7-9, 1975.  (A76-101  IS  01-32)  New  York,  Institute  of  Electrical  and  Electronics  Engineering,  Inc.,  1975,  p.96, 97. 

The  paper  describes  a computer  communication  system  designed  to  automate  the  acquisition,  annotation,  transfer,  and 
processing  of  data  for  the  system  calibration  of  a strapdown  inertial  system.  Four  calibration  procedures  are  identified: 
(1)  static  calibration,  which  produces  torquer  bias  error,  mass  balance,  and  quadrature  calibration  constants,  (2)  ANISO 
calibration,  yielding  ANISO  elasticity  constants,  (3)  rate  calibration,  producing  torquer  scale  factor  and  misalignment 
constants,  and  (4)  temperature  sensitivity  procedure,  giving  temperature  sensitivity  constants  for  torquer  bias  error  and 
mass  unbalance.  The  basic  calibration  procedure  consists  of  three  steps:  ( 1 ) creation  of  data  tape  files.  (2)  creation  of 
calibration  constant  tape  files,  and  (3)  entering  the  calibration  constants.  ABA  P.T.H. 


AIAA  Paper  75-583  75/04/00  7SA26736 

A DISTRIBUTED  COMPUTER  SYSTEM  USING  UNIVERSAL  MICROPROCESSOR  ELEMENTS 
Banes,  A.V. 

(Telcdyne  Systems  Co.,  Northridge, Calif.) 

American  Institute  of  Aeronautics  and  Astronautics.  Digital  Avionics  System  Conference,  B<:)ston,  Mass.,  April  2-  4, 
1975,  6 p. 

Modern  avionics  systems,  wlille  configured  around  large  ccntralkcd  computers,  have  often  distributed  many  of  tite 
computational  tasks  to  varied  specialized  processors  creating  an  organization  with  serious  logistical  problems.  The  intro- 
duction of  microprocessors  C8,ises  one  to  reconsider  the  total  problem.  A properly  configured  microprocessor  can  be 
used  atone  tor  ntodest  processing  tasks  such  as  air  data  calculations,  or  several  can  tie  used  together  to  provide  parallel 
proccssi>ng  capability  for  more  compic.s  tasks  such  as  strapdown  inertial  navigation.  A distribution  of  individual  or 
clustered  microprocessors  may  be  made  amongst  the  various  computer  functions  each  using  common  microprocessor 
elements.  Communicating  together,  these  may  provide  modent  avionics  with  total  processing  capability  aitd  greatly 
rmtuced  logistical  problems.  ABA  autnor. 

76/00/00  77A20693 

A LASER  IMU  PERFORMANCE  EVALUATION  SYSTEM 
l‘u|h,  R.E..  Hung,  i.C. 

(US  Army,  Missile  Command,  Redstone  Arsenal.  Ala.);  (Tennessee,  University,  Knoxville.  Tenn.) 

In  Annual  Souilieastcm  Symposium  on  System  Theory.  8th.  Knoxville,  Term.,  April  26. 27, 1976.  Proceedings. 
(A77-20(f79  07-63)  New  York,  Institute  of  Electrical  and  lOcftronics  Engineers,  Irrc.,  1976.  p.3,33-337. 

Ring  laser  gyms  are  particularly  suitable  for  use  as  attitude  sensors  irr  a straiidown  inertial  measurement  unit  (IMU).  lire 
I'erformance  of  a ring  loser  gyro  strapdown  IMU  is  krown  to  lie  dictated  both  by  the  pcrfonr.ancc  of  ring  ta.scr  gyros  and 
accelerometers  and  by  the  performance  of  the  analytical  platform  which  deficnds  on  the  software  and  hardware  of  the 
computer  involved,  lire  paper  describes  a recently  ■teveloped  computerized  laser  IMU  (icrformance  evaluation  system, 
which  allows  an  cvabration  computer  to  receive  signals  from  the  IMU  computer  at  various  computation  points  and  to 
analyze  these  signals  by  using  appropriate  deicnninislic  and  statistical  analysis  procedures.  I'opics  discussed  include  tlte 
test  facility,  performance  data  (t^rcd.and  attalysis  procedures.  Only  static  te*.ts  lire  examined  ABA  &.D. 

76/00/00  77A2064S 

A LOW  COST  PRECISION  INERTiAL-fJRADE  ACCELEROMETER 
Morris,  H.D. 

(Syslron-Donner  Corp.,  Concord,  Calif.) 

Ill  Symposium  on  Gyroscope  TecHnotogy.Uraunsdiweig.  West  Germany,  Match  3 1 Aiuil  i.  1976,  Reports. 


(A77-20643  07-35)  Dusseldorf,  Deutsche  Gesellschaft  fuer  Ortung  und  Navigation,  1976,  p. 25-59. 

A description  is  presented  of  an  inertial-grade  accelerometer  which  has  been  developed  specifically  for  use  in  strapped- 
down  tactical  missile  guidance  and  in  aircraft  inertial  navigation  systems.  The  instrument  is  designed  for  high  perfor- 
mance without  temperature  control.  Attention  is  given  to  aspects  of  design  configuration,  mechanical  design,  range 
capability,  and  electronic  desgin.  The  instrument  performance  characteristics  are  discussed,  taking  into  account  linearity, 
bias,  scale  factor,  alignment,  thermal  coefficients,  the  bias  temperature  coefficient,  the  scale  factor  temperature  coeffi- 
cient, the  alignment  temperature  coefficient,  stability  with  time,  and  repeatability  at  tum-on.  Applications  of  the  accele- 
rometer include  a use  in  the  Pioneer-Venus  planetary  probes.  ABA  G.R. 

AIAA  76-1967  76/00/00  76A41496 

A MISSILE  LASER  GYRO  RATE  SENSOR 
Morrison,  R.F;  Strang,  C.B. 

(Sperry  Rand  Corp..  Sperry  Gyroscope,  Great  Neck,  N.Y.);  (Martin  Marietta  Aerospace,  Orlando,  Fla.) 

In  Guidance  and  Control  Conference,  San  Diego,  Calif.,  August  16-18,  1976,  Proceedings.  Conference  sponsored  by  the 
American  Institute  of  Aeronautics  and  Astronautics.  New  York,  American  Institute  of  Aeronautics  and  Astronautics, 

Inc.,  1976.  6 p.  Research  supported  by  Martin  Marietta  Aerospace. 

The  paper  describes  the  Sperry  Slic-7  laser  gyro,  designed  to  satisfy  severe  dynamic  and  environmental  requirements  of 
an  advanced  interceptor  missile.  The  laser  gyro  has  the  following  design  features:  (1)  a low  expansion  CER-VIT  material 
for  perimeter  stability;  (2)  ail-mirror,  multilayer  dielectric  comer  reflectors;  (3)  a helium-neon  gas  discharge  tube;  (4) 
a lock-in  avoidance  mechanism;  and  (S)  a configuration  which  provides  a unique  arrangement  of  three  axes  of  laser  gyros 
integrated  into  a common  structure.  The  laser  gyro  electronics  assembly  - signal  processor,  laser  gyro  control,  and  power 
supply  - is  described,  and  preliminary  test  results  are  presented.  ABA  B.J. 

76/00/00  77A20665 

A MODULAR  FAIL  OP  FAIL  SAFE  STRAPPED-DOWN  NAVIGATOR 
Giardina,  C.R. 

(Singer  Co.,  Kearfott  Div.,  Wayne,  N.L) 

In  New  Frontiers  in  Aerospace  Navi;iation;  Proceedings  of  the  Bicentennial  National  Aerospace  Symposium,  Warminster, 
Pa.,  April  27,  28, 1976.  (A77-206S5  07-04)  Washington,  D.C.,  Institute  of  Navigation,  1976,  p.69-74. 

A redundant  modular  ring  laser  strapdown  navigation  system  is  presented  with  a full  fail  op  fail  safe  capability.  Fail  op 
fail  safe  is  a term  used  to  denote  a system  which  will  fully  operate  even  after  any  two  hard  component  failures  have 
occurred  or  after  any  one  soft  and  one  hard  (in  that  order)  component  failures  have  occurred.  The  complete  modular 
building  block  approach  is  used  along  with  the  application  of  a sequential  multiple  classification  technique  for  sensor 
failure  detection  and  isolation.  Reliability  is  found  as  a function  ot  component  reliabilities,  probability  of  false  alarm 
errors  and  probability  of  undetected  failure  errors.  ABA  author. 

77/00/00  78 A 15640 

A MULTli'UNCTlONAL  GUIDANCE  AND  CONTROL  SYSTEM 
Kuhbat,  W.J. 

(Messorschmitt-Bpeikow-Blohm  GmbH,  Munich,  West  Germany) 

In  NAECON  ‘77;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  17-19,  1977. 
(A78-IS5S1  04-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1977,  p.7S8-766. 

A quadruply  redundant  fully  digital  fjuidance  and  control  system  for  a test  A/C  (CCV-F104G)  has  been  developed  and 
installed.  First  tost  results  from  a sensor/system  open  loop  tost  phase  uave  been  obtained.  The  system  features  also 
functional  Integration  of  former  control  and  stabilization-,  autopilot-,  air  data  computation-  and  navigation  systems  within 
redundancy  management  and  profliglU  ciiock  out.  Strap  down  Inertial  sensors  art  used  as  basic  information  sources 
together  with  skewed  airflow  direction  sensors  und  air  data  (pressure)  transducers.  New  selfmonitored  FBW  actuators 
Itave  been  devetojied  for  tliis  tvroject.  A description  of  this  guidance  and  control  system  is  given  together  with  the  basic 
design  rationale,  first  experience  and  an  outlook  for  future  projects.  ABA  author. 

AiAA  77-1478  77/00/00  78AI2235 

A NUCLEAR  MAGNETIC  RESONANCE  GYROSCOPE 
Kanegsberg.  E. 

(Litton  Systems,  Inc.,  Woodland  Hills,  Calif.) 

In  Digital  Avionics  Systems  Conference,  2nd,  Los  Angelos,  Calif.,  November  2 4,  1977,  Collection  of  Technical  Papers. 
(A78-12226  02*04)  New  York,  Amorlcan  Institute  of  Aeronautics  and  Astronautics,  Inc.,  1977,  p.4044. 

A nuclear  magnetic  resonunoo  (NMR)  gyroscope  is  under  development  for  use  as  a low  cost  angle  sensor  in  strapdown 
inertial  measurement  systems.  The  gyro  operates  on  the  principle  tltat  the  magnetic  moments  of  certain  atoms  process 
at  a known  frequency  In  a magnetic  field  and  that  changes  in  pliase  of  this  frequency  can  be  sensed  to  determine  the 
Inertial  angular  displacement  of  the  device  about  the  direction  of  the  field.  Optically  pumped  magnetometer  techniques 
are  used  for  detection  and  for  precise  control  of  tlie  magnetic  field.  A breadboard  model  of  an  NMR  gyro  has  recently 
been  built  and  is  currently  undergoing  test  and  evaluation.  Preliminary  data  of  gyro  bias  drift  rate  characteristics  Includes 
a nine  hour  regment  with  a drift  rate  relative  to  tlio  average  bias  of  about  0.05  deg/hr.  ABA  author. 


76/00/00  77A20667  ^ 

A PROPOSITION  FOR  AN  ADVANCED  AIRCRAFT  NAVIGATION  SYSTEM  FOR  CIVIL  AIR  TRANSPORT  f 
Collin,  G.;  Rigaudias,  J.B. 

(Compagnie  Nationale  Air  France,  Diiection  du  Developpement  Technique,  Orly  Aerogare,  Val-de-Mame,  France) 

In  New  Frontiers  in  Aerospace  Navigation;  Proceedings  of  the  Bicentennial  National  Aerospace  Symposium,  Warminster, 
Pa.,  April  27, 28, 1976.  (A77-20655  07-04)  Washington,  D.C.,  Institute  of  Navigation,  1976,  p.80-85. 

The  paper  shows  that  an  advanced  i.itegrated  aircraft  navigation  system  should  take  into  account  network  extension, 
aircraft  flexibility,  productivity  improvements,  air  traffic  system  constraints,  cost  effectiveness,  safety,  and  frequency 
spectrum  constraints.  The  main  improvements  in  takeoff  are  discussed  relative  to  bad  weather  conditions,  aborted  take- 
off decision,  and  rotation  control.  Navigation  aspects  in  climb,  cruise,  and  descent  are  examined  in  terms  of  accuracy 
capability  and  versatility.  Approach  and  landing  are  considered  for  routine  autoland,  all-weather  operations,  and  pitch 
control.  The  proposed  cost-effective  integrated  navigation  system  is  based  on  advanced  distance  measuring  equipment 
(DME),  advanced  inertial  navigation  system  (INS),  and  augmented  instrument  landing  system  (ILS).  Advanced  DME 
implies  improved  accuracy  and  capacity,  repetitive  coded  message,  channel  listening;  advanced  INS  comprises  low  cost 
through  strapdown  mechanization  and  improved  gyros;  and  augmented  ILS  incorporates  smoothing  and  independent 
landing  monitor,  both  based  on  INS.  Major  advantages  of  such  a system  are  noted.  ABA  S.D. 

76/00/00  77A20688 

A PSEUDO  ROOT-LOCUS  METHOD  FOR  THE  DESIGN  OF  A CLASS  OF  TWO-INPUT-TWO-OUTPUT  SYSTEMS 
Kao,  M.K.;  Hung,  J.C.;  Berry,  E.H. 

(Tennessee,  University,  Knoxville,  Tenn.);  (NASA,  Marshall  Space  Flight  Center,  Huntsville,  Ala.).  National  Aeronautics 
and  Space  Administration.  Marshal  Space  Flight  Center,  Huntsville,  Ala.;  Tennessee  Univ.,  Knoxville. 

In  Annual  Southeastern  Symposium  on  System  Theory,  8th,  Knoxville,  Tenn.,  April  26, 27,  1976,  Proceedings. 
(A77-20679  07-63)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1976,  p.264-268. 

This  paper  presents  the  design  of  digital  rebalance  loops  for  a tuned-rotor  gyro  which  is  intended  to  be  an  attitude  sensor 
in  a strapdown  inertial  measurement  unit.  A tuned-rotor  gyro  is  a two-degree-of-freedom  gyro  which  has  two  input  axes, 
with  cross-coupling  between  them.  Tlie  rebalance  loop  of  the  gyro  serves  for  two  purposes.  First,  it  restores  the  position 
of  the  rotor  to  its  null  position  after  experiencing  an  attitude  input.  Second,  the  rebalancing  signal,  which  is  proportional 
to  the  attitude  change,  is  calibrated  to  give  the  desired  attitude  information.  Since  the  gyro  has  more  than  one  input  and 
one  output,  a multivariable  control  technique  is  needed  for  designing  the  rebalance  loop.  The  analytic  model  for  the  gyro 
is  described  and  the  available  design  methods  are  examined.  A new  root-locus  design  technique  specially  developed  for 
the  present  problem  is  outlined.  The  design  of  the  rebalance  loop  using  the  new  technique  is  given.  The  computer 
simulation  result  of  the  designed  system  is  presented  and  discussed.  ABA  author. 

,\IAA  Paper  73-876  73/08/00  73A38813 

A REAL-TIME  SIX-DEGREE-OF-FREEDOM  HYBRID  SIMULATION  FACILITY  FOR  GUIDANCE  SYSTEM 
TESTING 

Hogan,  J.J.;  Welch,  J.T. 

(Goodyear  Aerospace  Corp.,  Akron,  Ohio). 

American  Institute  of  Aeronautics  and  Astronautics,  Guidance  and  Control  Conference,  Key  Biscayne,  Fla.,  August 
20  -22,  1973,  8 p.  USAF-supported  research. 

A real-time  six-degree-of-freedom  (6  DOF)  simulation  capability  has  been  developed  for  the  purpose  of  evaluating  electro- 
optically-guided  missiles  with  hardware  tie-in.  The  simulation  facility  includes  digital  and  analog  computers,  a three-axis 
gimballed  platform,  and  a three-degree-of-freedom  target  area  image  projection  system.  The  basic  structure  of  the  6-DOF 
program  is  presented  and  functional  tie-in  of  the  various  hardware  components  is  explained.  Typical  results  of  6-DOF 
tests  with  hardware  are  presented,  using  an  air-to-surface  glide  vehicle  guided  by  a strapdown  electro-optical  area  correla- 
tion guidance  system.  ABA  author. 


AIAA  Paper  75-1095  75/08/00  75A41660 

A RING  LASER  GYRO  STRAPDOWN  INERTIAL  NAVIGATION  SYSTEM  - PERFORMANCE  ANALYSIS  AND 
TEST  RESULTS 

Paskik,  D.J.;  Gneses,  M.I.;  Taylor,  G.R. 

(Raytheon  Co.,  Sudbury,  Mass.). 

American  Institute  of  Aeronautics  and  Astronautics,  Guidance  and  Control  Conference,  Boston,  Mass.,  August  20-22, 
1975,  12  p. 


A ring  laser  gyro  (RLG)  inertial  navigation  system  has  been  extensively  tested.  An  unusual  characteri.Uic  of  the  RLG  - 
random  walk  in  its  angular  output  - is  described  and  analyzed.  Four  classes  of  test  data  are  presented  calibration/ 
alignment,  static  navigation,  dynamic  free  navigation,  and  dynamic  filtered  navigation.  Free  navigation  performance  is 
about  five  miles  per  hour;  filtered  navigation,  using  self-damping  without  external  sensors,  is  more  than  an  order  of 
magnitude  better.  The  data  confirm  the  performance  analysis,  and  it  is  shown  that  future  RLG  systems,  in  which  the 
random  walk  is  better  controlled,  may  show  high  accuracy  performance.  ABA  author. 


AIAA  Paper  75-1054  75/08/00  75A42382 

A STRAPDOWN  GYRO  SYSTEM  TECHNOLOGY  APPLIED  TO  A CREW  ESCAPE  SYSTEM 
Eckles,G.A.;  Slater,  F.W. 

(Northrop  Corp.,  Norwood,  Mass.) 

American  Institute  of  Aeronautics  and  Astronautics,  Guidance  and  Control  Conference,  Boston,  Mass.,  August  20-22, 
1975, 16  p. 


This  paper  describes  the  attitude  control  problems  of  a crew  escape  module,  and  deals  with  the  studies  relating  to  the 
design  of  a maneuvering  rocket  control  system.  Discussed  are  the  means  of  measurement  of  roll  and  pitch  angles  and  the 
implementation  of  proper  control  laws  which  will  allow  safe  ejection  of  a separable  crew  module  from  an  aircraft  under 
all  flight  conditions,  including  low-altitude,  inverted  ejection.  The  evolution  of  the  design  which  includes  a 
pyrotechnically-initiated  abort  system,  a strapdown  gyro  attitude  measuring  system  including  analog  strapdown  computer, 
and  the  logic  network  implemented  to  provide  proper  control  laws  for  the  vehicle  is  presented.  The  ball  screw  actuator 
subsystem,  which  provides  the  force  ouput  to  position  two  gimballed  solid  rocket  boosters,  is  also  described.  The  strap- 
down  gyro  system  mechanization,  permitting  the  use  of  low-cost,  spring-restrained  rate  gyros  while  maintaining  required 
accuracy  for  long  flight  periods,  is  discussed  in  detail.  The  system  test  program  (including  simulation  testing  and  rocket 
sled  tests)  is  summarized  briefly.  ABA  author. 


74/00/00  74A38588 

A STRAPDOWN  LASER  GYRO  NAVIGATOR 
Garret,  H.;  Walls,  B.;  Morrison,  R. 

(NASA,  Marshall  Space  Flight  Center,  Huntsville,  Ala.);  (Sperry  Rand  Corp.,  Sperry  Gyroscope  Div.,  Great  Neck,  N.Y.) 

In  NAECON  ‘74;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  13-15,  1974. 
(A74-38517  19-09)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1974,  p. 572-583.  NASA-sponsored 
research. 

A broad  spectrum  of  commercial  and  military  vehicles  employ  some  form  of  inertial  measurement  equipment.  In  general 
this  equipment  has  a special  purpose  in  that  it  was  tailored  for  each  specific  application  thereby  resulting  in  high  installa- 
tion and  maintenance  costs.  Recently  the  emphasis  has  been  directed  toward  developing  low  cost  building  blocks  from 
which  the  desired  inertial  functions  can  be  derived.  This  paper  describes  a National  Aeronautics  and  Space  Administra- 
tion (NASA)  program  that  combines  inertial  system  sensor  and  computational  advances  into  a flight  demonstration  confi- 
guration. Specifically,  an  inertial  navigation  system  employing  strapdown  laser  gyro  angular  rate  sensors  and  a miniature, 
modular  digital  flight  computer  is  described.  The  objective  of  this  program  is  to  demonstrate,  via  flight  test  evaluation, 
the  capabilities  of  the  advanced  sensor  and  computer  as  they  apply  to  future  low  cost,  high  reliability  inertial  system 
applications.  ABA  author. 

75/00/00  76A32401 

A STUDY  OF  ATTITUDE  REFERENCE  COMPUTATIONS  FOR  STRAPDOWN  INERTIAL  SYSTEMS 
Naka,  M.;  Yamamoto,  H.;  Homma,  K. 

(National  Aerospace  Laboratory,  Chofu,  Tokyo,  Japan) 

In  International  Symposium  on  Space  Technology  and  Science,  1 1th,  Tokyo,  Japan,  June30  - July  4,  1975,  Proceedings. 
(A76-32301  15-12)  Tokyo,  AGNE  Publishing,  Inc.,  1975,  p.731-736. 

This  paper  presents  a modification  method  of  Gibbs  vector  scheme  for  calculating  the  transformation  matrix  of  strap- 
down  inertial  systems.  This  method  is  compared  with  other  schemes  such  as  Euler  angles,  direction  cosines,  and  Euler 
parameters.  Especially,  for  the  commutativity  error  compensation,  higher  order  terms  are  derived  and  evaluated  for 
some  special  cases.  Simulation  results  on  an  on-board  computer  model  indicates  the  superiority  of  modified  Gibbs  vector 
and  Euler  parameters  methods  over  the  other  schemes.  ABA  author. 


NACA-CR-67459  REPT-1726-FR2  64/12/30  76N70963 

A STUDY  PROGRAM  ON  A STRAPDOWN  MINIATURE  ELECTROSTATIC  GYRO 
Honeywell,  Inc.,  Minneapolis,  Minn. 


77/00/00  77A21610 

A UNIDIMENSIONAL  CONVERGENCE  TEST  FOR  MATRIX  ITERATIVE  PROCESSES  APPLIED  TO  STRAPDOWN 

NAVIGATION 

Bar-Itzhack,  I.Y. 

(Technion  - Israel  Institute  of  Technology,  Haifa,  Israel) 

International  Journal  for  Numerical  Methods  in  Engineering,  Vol.l  1,  No.l,  1977,  p.l  15-130. 


The  investigation  of  the  convergence  properties  of  matrix  iterative  processes  usually  involves  test  matrices  of  higli  order. 
This  fact  may  prohibit  an  analytic  approach  to  the  problem.  In  this  paper  a method  is  presented  which  converts  the  multi- 
dimensional test  procedure  into  a scalar  one.  The  method  is  presented  in  conjunction  with  the  problem  of  matrix  ortho- 
gonalization  which  exists  in  strapdown  inertial  navigation.  Three  examples  are  presented  in  which  the  convergence  of 
matrix  orthogonalization  techniques  is  Investigated.  The  examples  demonstrate  the  use  of  the  unidlmonsional  conve^ 
gence  test  in  deteimining  the  order  of  the  processes  and  in  finding  sufficient  conditions  for  convergence.  Numerical 
results  are  presented.  ABA  author. 


AIAA  Paper  74-268  74/0 1 /OO  74A 1 8673 

A VARIATIONAL  INTEGRAL  APPROACH  TO  DIRECTION  COSINE  MATRIX  PROPAGATION 
Bowles,  W.M.;  Ebbesen,  L.R. 

(Oklahoma  State  University,  Stillwater,  Okla.) 

American  Institute  of  Aeronautics  and  Astronautics,  Annual  Meeting  and  Technical  Display,  10th,  Washington,  D.C., 
January  28-30, 1974, 4 p. 

The  study  is  concerned  with  the  application  of  a new  procedure  for  p.opagating  direction  cosine  matrices.  The  technique 
is  based  on  the  use  of  the  Variational  integral’ approach  developed  by  Ebbesen  (1972)  for  numerical  solution  of  differential 
equations.  Preliminary  research  indicates  that  the  proposed  method  offers  advantages  of  increased  accuracy  and  reduced 
noise  sensitivity  in  comparison  to  convential  procedures.  ABA  F.R.L. 

76/00/00  77A20663 

ADVANCED  DEVELOPMENT  PROGRAM  FOR  THE  RING  LASER  GYRO  NAVIGATOR 
Bachman,  K.L.;  Carson,  E.W. 

(US  Naval  Material  Command,  Naval  Air  Development  Center,  Warminster,  Pa.);  (Honeywell,  Inc.,  St  Louis  Park,  Minn.) 
In  New  Frontiers  in  Aerospace  Navigation;  Proceedings  of  the  Bicentennial  National  Aerospace  Symposium,  Warminster, 
Pa.,  April  27,  28,  1976.  (A77-20655  07-04)  Washington,  D.C.,  Institute  of  Navigation,  1976,  p.S2-58. 

Results  are  presented  for  an  advanced  development  program  designed  to  provide  base  line  data  from  which  ring  laser  gyro 
strapdown  production  systems  can  be  developed  to  achieve  the  maximum  cost-of-ownership  benefits  possible  with  this 
new  technology.  It  is  shown  that  the  ring  laser  gyro,  with  an  inherent  digital  output  and  essentially  unlimited  input 
capability,  provides  an  ideal  solution  for  the  strapdown  gyro  dynamic  range  problem.  The  paper  gives  the  functional 
description  of  an  advanced  development  model  for  the  ring  laser  gyro  navigator  consisting  of  an  internal  navigation  unit 
(INU),  control  display  unit  (CDU),  mode  select  unit,  and  battery.  The  INU  provides  position,  velocity,  and  attitude 
information  to  the  CDU  and  other  aircraft  systems.  The  INU  consists  of  three  orthogonal  body-mounted  laser  gyros 
and  accelerometers,  a digital  computer,  I/O  electronics,  sensor  electronics,  and  a power  supply.  Particular  attention  is 
given  to  the  inertial  sensors,  electrical  design,  packaging  configurations,  software,  and  reliability  and  maintainability. 

ABA  S.D. 

74/00/00  74A38586 

ADVANCEMENTS  IN  STRAPDOWN  NAVIGATION 
Roantree,  J.P. 

(United  Aircraft  Corp.,  Hamilton  Standard  Div.,  Windsor  Locks,  Conn.) 

In  NAECON  '74;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  13=15,  1974 
(A74-38517  19-09)  New  York,  Institute  of  Electrical  and  Electronics  Engineers.  Inc..  1974.  p.S48'SSS. 

Tliis  paper  discusses  the  evolution  of  strapdown  inertial  navigation  systems  for  space  veliidcs,  boost  vehicles,  aircraft  and 
missile  applications.  Tlie  performance  capabilities  and  reliability  of  several  present-day  systems  are  sliown  and  perfo^ 
mance  capabilities  and  reliability  of  fbture  systems  under  development  are  projected.  Brief  discussion  of  strapdown 
inertial  sensors  and  their  electronics  are  also  discussed.  Specific  areas  of  concern  include  performance  under  low  and  lUgl) 
vehicle  angular  rates.  Techniques  for  complete  self-contained  inertial  measurement  unit  calibration  and  alignment  are 
presented  along  with  test  results.  Sucli  tecimiques  require  no  external  equipment  such  as  autocoUirnalors  or  mirrors. 

ABA  author. 

75/10/00  76AI0690 

ADVANCES  IN  INERTIAL  NAVIGATION  SENSOR  TECHNOLOGY 
McKinlay,  W.H. 

(Ferranti,  Ltd.,  Hollinwood,  lanes.,  England) 

(Royal  Institute  of  Navigation  and  Institution  of  Electronics  and  Radio  Engineers.  Meeting,  London,  En^and,  January  1 5, 
1975.)  Journal  of  Navigation.  Vol.28.  October  1975,  p.407-41  S. 

Development  of  inertial  navigation  and  of  increasingly  sophisticated  navigation  displays  hu  been  rapid  in  the  area  of 
electronic  technology  and  relatively  slow  in  the  case  of  basic  sensors.  General  cost  trends  arc  down  due  to  implementa- 
tion of  digital  data  processing  and  improved  reliability.  Strapped  down  systems  substituting  low-cosi  digital  software  for 
mechanical  ^inbals,  place  stringent  requirements  on  instruments.  The  'dry',  or  tuned  rotor,  gyroscope  is  coming  into 
increasing  use  in  place  of  the  floated  gyroscope,  and  the  latest  systems  have  signiftcant  tUc  and  weight  advant^es. 
Spherical  rotor  and  'laser  gyros'  are  under  development.  Advances  in  electronic  technology  for  generation  of  navigation 
displays  are  used  primarily  in  numerical  displays,  with  continued  use  of  projection  technique  and  film  stot^  for  required 
topographietd  information.  ABA  C'.K.D. 

76/00/00  77A374i9 

ADVANTAGES  OF  GIMB ALLED  INERTIAL  NAVIGATION  BYSIliMS 
Peterson,  R. 

(Litton  Industries,  Inc.,  Guidance  and  Control  Systems  Div.,  Woodland  HitU,  Calif.) 

In  NAECON  '76;  Proceedings  of  the  National  Aerospace  and  Electronics  Cbnfetence,  Dayton,  Ohio,  May  18=  20.  1976. 
(A77-373S2  1 7-33)  New  York,  Institute  of  Eiecliical  and  Electronics  Engineers,  Inc.,  1976,  p.50S-SI4. 

Strapdown  and  gimballed  inertial  navigators  are  compared  with  »spect  to  a number  of  important  characteristics.  Factors 


affecting  accuracy  are  reviewed  and  simulation  results  are  provided  which  show  that  gimballed  systems  are  far  less 
sensitive  to  a number  of  error  sources  common  to  all  inertial  navigators.  Special  constraints  imposed  on  inertial  instru- 
ments to  enable  strapdown  operation  are  discussed  along  with  computer  requirements  for  gimballed  and  strapdown 
navigators.  Data  showing  the  effect  of  gimbals  on  overall  inertial  navigation  system  reliability  is  presented.  The  applica- 
tion of  strapdown  and  gimballed  navigators  in  quadruple  redundant  installations  is  discussed  and  strapdown  systems  are 
found  to  have  some  hardware  advantages.  Conclusions  are  reached  relative  to  the  near  term  advantage  of  gimballed 
inertial  navigation  systems.  ABA  author. 

73/00/00  73A38048 

AIRBORNE  IRP  ALIGNMENT  USING  ACCELERATION  AND  ANGULAR  RATE  MATCHING 
Schultz,  R.L.;  Keyes,  C.L. 

(Honeywell,  Inc.,  Systems  and  Research  Div.,  Minneapolis,  Minn.) 

In  Joint  Automatic  Control  Conference,  14th,  Columbus,  Ohio,  June  20-22, 1973,  Preprints  of  Technical  Papers. 
(A73-38028  19-10)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1973,  p.427436. 

The  combined  acceleration  angular  rate  matching  Kalman  filter  described  is  specifically  design  to  overcome  the  limita- 
tions of  earlier  approaches  for  in-flight  alignment  of  two  inertial  reference  packages.  The  mathematical  equations 
describing  the  problems  are  considered  together  with  problems  regarding  the  choice  of  covariance  matrices,  aspects  of 
filter  performance,  and  questions  of  error  analysis.  It  is  found  that  the  angular  rate  matching  approach  greatly  reduces 
the  alignment  time  and  the  maneuver  requirements  on  the  pilot  prior  to  missile  launch.  ABA  G.R. 

73/06/00  73A40026 

AN  ATTITUDE  REFERENCE  SYSTEM  WITH  ELECTRICALLY  SUSPENDED  GYROS 
Elwell,  D.F. 

(Honeywell,  Inc.,  Aerospace  Div.,  St  Petersburg,  Fla.) 

Institute  of  Navigation,  Annual  Meeting,  29th,  St  Louis,  Mo.,  June  19-21 , 1973,  Paper.  25  p. 

The  electrically  suspended  gyro  consists  of  a spinning  metal  sphere  suspended  by  an  electric  force  so  that  friction  is 
virtually  eliminated.  This  typo  of  gyro  has  demonstrated  performance  which  qualiRas  it  for  use  in  a system  for  attitude 
determination.  A significant  advantage  of  this  system,  on  board  a maneuvering  spacecraft,  would  be  the  long  periods  of 
attitude  performance  between  stellar  updates.  A readout  accuracy  improvement  in  the  gyro  and  the  attitude  reference 
system  in  wlUch  it  may  be  used  are  discussed.  ABA  author. 

72/00/00  73AIS274 

AN  AinX)NOMOUS  NAVIGATION  TECHNOLOGY  SYSTEM 
Toda,  N.F. 

(IBM  Corp..  Owcgo,  N.Y.) 

in  Symposium  an  Nonlinear  Estimation  Theory  and  its  Applications,  3rd,  San  Diego.  Calif.,  September  1 1•13,  1972. 
Procecdin®!.  (A73-1S2SI  04-10)  North  Hollywood, Calif.,  Western  Periodicals Co„  l972,p.2S4-2S9. 

Tlte  IBM  autonomous  naWgatioii  technology  (ANT)  system  is  a straiidown  orbital  navigation  system  whicli  has  four  (ngjor 
subsystems:  a known  landmark  tracker,  an  attitude  determination  system,  a horUon  tensor,  altimeter,  and  a digital 
computer.  Accurate  navigation  requires  a landmark  tracker  white  rapid  convergence  flrom  targe  initial  nindtiions  is 
faciUlaled  by  employing  a horizon  sensor.  To  provide  realistic  gravitational  and  drag  uncertainties  the  Air  Force  provided 
two  different  real  world  ephemcris  tapes  whicli  were  used  to  drive  the  simutation  and  to  determine  the  prror  in  the 
estimated  cpheinerls.  ABA  author. 

77/00/00  77A47349 

AN  evaluation  OF  f^lTURE  RPV  AUTOMATIC  NAVIGATION  SYSTEMS 
McKeol,  G.J. 

(Rockwett  International  Corp.,  Missile  Systems  Div.,  Columbus,  Oliio) 

In  the  RPV  - Complement  to  Manned  Systems;  Prooeedinjp  of  the  Fourth  Annual  Symposium.  Washington,  D.C.,  June 
S 9,  1977.  (A7747333  22-OS)  Dayton, Ohio.  National  Assodalioit  for  Remotely  Piloted  Vehicles.  1977.  p.lOMOS. 

A combination  of  dead  reckoning  and  position  fixing  systems  is  recommended  as  best  suited  to  Rttute  navigation  system 
requirements  for  remote-piloted  vehicles  (RPV)  designed  for  electronic  warfare,  reconnaissance,  or  selective  strike  sorties. 
Stra)>down  inertial  dead  reckoning  is  given  preference  over  the  gimballed  inertial  variant,  and  position  fixes  can  be 
obt^ned  from  Uncssf-sigJtl,  over-horiaon,  or  correlator  type  (Terrain  contour,  radiomettic)  systems.  AtlA  R.D.V. 

75/07/00  7SA40678 

AN  OPTIMAL  NORMAU2ATION  SCHEME 

Giardina,  C.R.;  Bronson.  R.;  Wallen.  L. 

(Singer  Co.,  Little  Falls,  N.J.);  (Falrleigh  Dickenson  University,  Teancc4(,  N,!.);  (Hawaii,  University,  Honolulu,  Hawaii) 
IEEE  Transactions  on  Aerospace  and  Electronic  Systems,  Vol.  AES-I I . July  197S,  p.443446. 

An  attitude  normalization  scheme,  based  on  quaternion  updates  of  the  attitude  matrix  in  a strapdown  system,  is 
presented  which  is  optimal  in  the  two-norm  sense.  Furthennore,  the  algorithm  requites  minimal  computer  time  and 
memory  load.  ABA  author. 


74/04/00  74A28623 

ANALYSIS  AND  TEST  OF  A PRECISION  PULSE-REBALANCE  GYROSCOPE 
Clark,  R.N.;  Fosth,  D.C. 

(Washington,  University,  Seattle,  Wash.);  (Boeing  Co.,  Seattle,  Wash.) 

Journal  of  Spacecraft  and  Rockets,  Vol.1 1,  April  1974,  p.264-2&6. 


A method  for  deriving  the  rebalance  signal  which  uses  a triangular  wave  modulation  of  the  gyro  signal  is  described.  This 
method  is  intended  for  use  in  strapdown  attitude  reference  systems  of  advanced  spacecraft  and  missiles,  and  discussed 
by  Fehr  et  al.  (1972).  A compensation  network  v/hich  assured  a high  static  gain  of  the  control  loop  and  stability  was 
required.  Without  this  compensation  the  control  loop  exhibited  a prominent  limit  cycle  oscillation  which  had  to  be 
eliminated  by  the  compensation.  The  steady-state  accuracy  of  the  entire  system  was  determined  to  assess  the  suitability 
of  this  instrument  for  strap-down  application.  Both  attitude  and  attitude  rate  can  be  determined  from  the  signal  provided 
by  this  instrument.  ABA  F.R.L. 


77/00/00  78A15639 

ANALYSIS  OF  A KALMAN  FILTER  FOR  A STRAPDOWN  INERTIAL/RADIOMETRIC  AREA  CORRELATOR 
GUIDANCE  SYSTEM 
Maybeck,  P.S. 

(USAF,  Institute  of  Technology,  Wright-Patterson  AFB,  Ohio) 

In  NAECON  '77;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  17-19,  1977. 
(A78-15551  04-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1977,  p.75 1-757. 

Position  measurements  can  be  generated  for  navigation  purposes  by  correlating  a radiometric  'picture’  of  the  terrain 
immediately  below  an  aerospace  vehicle  with  a prestored  reference  map  of  the  desired  region.  Because  of  stringent 
storage  restrictions,  a very  simple  Kalman  filter  has  been  proposed  for  optimally  aiding  a strapdown  inertial  system  with 
data  from  a radiometric  area  correlator  (RAC)  onboard  a weapon  system  currently  under  development.  However,  the 
adequacy  of  two  decoupled  3-state  filters  to  meet  performance  specifications  was  subject  to  significant  question,  and  a 
covariance  analysis  has  been  conducted  to  determine  estimation  capabilities  in  a realistic  environment.  ABA  author. 

76/00/00  77 A3 1369 

ANALYSIS  OF  QUANTIZATION  ERRORS  IN  COMPUTING  ORIENTATION  PARAMETERS 
Panov,  A.P. 

(Akademiia  nauk  Ukralnskoi  SSR,  InsUtut  Kibemetiki,  Kiev,  Ukranian  SSR) 

Kibcrnetika  i Vychislitel’naia  Tekhnika,  No.34, 1976,  p.92-96.  In  Russian. 

An  analysis  of  the  errors  in  computing  orientation  parameters  due  to  the  quantUation  of  the  pulsed  signals  of  the  inte- 
grating gyroscopes  in  platforinless  inertial  systems  is  performed.  Some  results  of  digital  computer  modeling  of  quantiza- 
tion errors  for  conical  motion  of  an  object  are  discussed.  Tlie  requirements  on  the  level  of  quantization  of  gyroscope 
signals  for  achieving  a given  computational  accuracy  are  dotemrined.  ABA  P.T.H. 

77/00/00  HMOm 

APPLICATIONS  OF  MODERN  GYRO  TECHNOLOGY;  PROCEEDINGS  OF  THE  SYMPOSIUM,  LONDON,  ENGLAND, 
JANUARY  12. 1977 

Symposium  sponsored  by  the  Royal  Aeronautical  Society,  London,  Royal  Aeronautical  Society,  1977, 17$  p. 

(For  individual  items  see  A7740777  to  A7740783) 

Papen  dealing  with  innovations  in  gyroscope  technology  since  1964  are  presented,  with  attention  given  to  the  impact 
of  major  technical  developments,  sucli  as  the  introduction  of  digitai  computing,  as  well  as  to  specific  innovations,  such 
as  ring  laser  gyros.  Topics  included  arc;  aUematives  in  sub-inertial  and  inertial  navigation  systems:  development  of  a 
subminiature  rate  sensor  for  use  in  missile  seeker  heads;  minialutization  of  flex  gyros  for  shipbome  navigation  systems; 
improvements  in  tow  cost  dynamically  tuned  gyros;  probtenrs  in  manufacture  of  fioated  gyroscope  systems;  comparison 
of  strapdown  and  gimballcd  gyros;  and  the  performance  characteristics  of  laser  gyroscopes.  In  particular,  problems  en- 
countered in  miniaturization  of  rate  sensors  and  navigation  systems,  and  in  developing  strapdown  gyro  systems  aio 
discussed.  Relative  cost  and  effcctis'eness  of  fioated  gyros  and  dynamically  tuned  gyros  are  analyzed,  and  mention  is 
made  of  the  special  advantages  of  higlUy  accurate  systems,  such  as  the  ting  laser  gyro.  ABA  J.M  B 

7S/03/00  7SA2S884 

ATIITUDE  AND  ORBIT  ESTIMATION  USING  STARS  AND  LANDMARKS 
While,  R.L,:  Adams.  M.B  ; Grant.  F.D.;  GcisIcr.  E G. 

(Charles  Stark  Dr^r  *jkborafary,  Inc.,  Cambridge,  Ma.ss.) 

IEEE  Transaction  on  Aerospace  and  Ifiectrcmic  Syttems,  Vol.  AES-I I , Man'b  1975,  p.l9S-203. 

An  extended  Kalman  Utter  is  used  to  process  ilne-of-si|hi  measurements  to  stars  and  known  landmarks  providing  a 
statistical  indication  of  performance  in  estimating  spacecraft  attiU^de,  orbital  ephcmeris,  and  the  bias  dtifl  of  a set  of 
three  strapdown  gyros.  The  landmark  measurements  were  amimed  to  have  been  taken  from  the  imagery  of  an  earth- 
observing  multispcctral  scanner.  It  is  shown  that  filtering  of  these  noisy  measurements  results  in  highly  accurate  etiimales 
of  the  above  parameters.  Results  are  given  dtowing  the  sensitivity  of  performance  to  various  system  paiameten  such  as 
star  tracker  accuracy,  erron  in  (he  knowledge  of  landmark  position,  and  number  of  stata  and  landma^  processed. 


75/00/00  76A28896 

ATTITUDE  CONTROL  SUBSYSTEM  FOR  THE  AUTOMATIC  INTERPLANETARY  SPACECRAFT  MARS-2-MARS-7 
Demekhin,  A.S.;  Grubrin,  V.E.;  Panteleev,  V.P. 

(Akademiia  nauk  SSSR,  Institut  Kosmicheskikh  Issledovanii,  Moscow,  USSR) 

In  International  Federation  of  Automatic  Control,  Triennial  World  Congress,  6th,  Boston  and  Cambridge,  Mass.,  August 
24-30, 1975,  Proceedings.  Part  4.  (A76-28778  13-63)  Pittsburgh,  Pa.,  Instrument  Society  of  America,  1975, 


p.14.6-14.6  8. 


The  major  tasks  of  the  attitude  control  systems  of  Mars-2  and  Mars-7  probes  included  initial  spacecraft  rate  reduction 
after  its  separation  from  the  launch  vehicle,  acquisition  of  the  reference  bodies  (the  Sun,  Canopus  and  the  Earth)  within 
the  specified  time  period.  Single  axis  spacecraft  cruise  mode  relative  to  the  Sun,  three-axis  spacecraft  cruise  mode,  precise 
determination  of  the  strapdown  reference  system  during  maneuvers  and  onboard  measurements  of  center  of  mass  motion. 
Attitude  control  system  equipment  including  Sun  sensors,  star  and  Earth  trackers  are  discussed  along  with  the  functional 
logic.  The  nature  of  the  feedback  loops  in  the  attitude  control  system  is  discussed  and  the  control  of  transient  processes 
is  examined.  Some  specific  examples  of  Mars-2  and  Mars-7  attitude  control  system  flight  performance  are  presented 
including  correction  in  antenna  Earth  orientation  performed  aboard  Mars-4  and  the  insertion  of  Mars-7  into  Mars  orbit. 
ABA  B.J. 


76/00/00  77A24812 

ATTITUDE  DETERMINATION  ALGORITHM  FOR  A STRAPDOWN  IMU 
O’Connor,  B.J.;  Zomick,  D.A. 

(Bendix  Corp.,  Guidance  Systems  Div.,  Teterboro,  N.J.) 

In  Symposium  on  Automatic  Control  in  Space,  7th,  Rottach-Egem,  West  Germany,  May  17-21,  1976,  Preprints. 

Volume  2.  (A77-24777  10-12)  Dusseldorf,  VDI/VDE-Gesellschaft  Mess-  und  Regelungstechnik,  1976,  p.39741 1. 

Concentrating  on  the  quantemion  approach  to  attitude  determination  for  a strapdown  inertial  measurement  unit,  a 
technique  is  developed  to  facilitate  selection  of  algorithmic  order  without  resort  to  digital  simulation.  The  procedure  is 
demonstrated  for  algorithms  through  fourth  order  and  for  three  specific  types  of  vehicle  motion,  indicating  a third-order 
solution  to  be  adequate  for  most  applications.  A final  section  addresses  the  computational  burden  imposed  by  the 
candidate  quaternion  solutions.  ABA  author. 

AIAA  Paper  73-900  73/08/00  73A38834 

ATTITUDE  DETERMINATION  FOR  A STRAPDOWN  INERTIAL  SYSTEM  USING  THE  EULER  AXIS/ANGLE  AND 
QUATERNION  PARAMETERS 
Grubin,  C. 

(Hughes  Aircraft  Co..  Culver  City,  Calif.) 

American  Institute  of  Aeronautics  and  Astronautics,  Guidance  and  Control  Conference,  Key  Biscayne,  Fla.,  August 
20-22, 1973. 10  p, 

AIAA  Paper  75-1096  75/08/00  75A4166I 

AUTONOMOUS  SATELLITE  ORBITAL  NAVIGATION  USING  KNOWN  AND  UNKNOWN  EARTH  LANDMARKS 
Kau,  S.P. 

(Honeywell,  Inc.,  St  Petersburg,  Fla.) 

American  Institute  of  Aeronautics  and  Astronautics,  Guidance  and  Control  Conference,  Boston,  Moss.,  August  20-22, 
1975, 13  p. 

Two  concepts  of  satellite  autonomous  navigation  using  strapdown  iandmark  sensors  arc  considered.  In  the  unknown 
landmark  coinxipt,  the  sensor  measures  the  rate  at  which  the  image  of  unidentified  earth  features  travels  across  sensor 
field  of  view.  Correlation  Interpolation  techniques  am  used  for  processing  of  random  images.  In  the  known  landmark 
concept,  sightings  to  known  linear  earth  features  arc  obtained,  tklge  enliancomcnl  and  detection  techniques  are  used 
for  liie  somewhat  deterministic  landmark  signature,  llie  known  iandmark  approacit  is  shown  to  be  superior  due  to  its 
lower  sensitivity  to  pointing  errors.  ABA  author. 

72/00/00  73AIS266 

AUTONOMOUS  SATELLITE  NAVIGAHON  FROM  STRAPDOWN  LANDMARK  MEASUREMENTS 
Paulson,  D.C. 

(Honeyweit,  Inc.,  St  Pclershuqf,  Ra.) 

In  Symposium  on  Nonlinear  Estimation  lltcory  and  its  Applications,  .3rd,  San  Diego,  Calif.,  September  1 1 13,  1972, 
Proaodings.  (A73-I5251  04*10)  North  Hollywood, C^lit..  Western  iWiudIcals Co..  I972.p.l67*l83. 

A new  concept  for  accurate  autonomous  determination  of  position  and  velocity  of  an  orbiting  spacecraft  is  presented. 
Ilih  concept  makes  use  of  strapdown  iandmark  sensors  whicli  measure  relative  motion  of  Imaged  ground  terrain  tlirough 
theasnsor  field  of  view  as  the  satellite  moves  over  the  terrain.  Data  from  two  such  sensors,  when  combined  with  attitude 
from  an  Inertial  reference  arrd  the  time  tVom  a long  term  clock,  is  sufficient  to  bound  navigation  errors.  The  gcrteral 
concept  of  what  is  termed  Une^ofsiglrt-rate  naviption  is  described.  Navigation  algoritiims  and  sirnutation  results  are 
presented.  Results  show  petfonnance  comparable  to  the  gimbated  unktrown  landmark  tracking  meclianheation  and  better 
thort  the  much^euudyxed  horizon  seosor/ineriial  tofenmee  approach.  ABA  author. 


74/00/00  74A38541 

AVIONICS  APPLICATION  ON  AN  ADVANCED  LSI  MICROPROGRAMMED  PROCESSOR 
Thoennes,  W.P. 

(Rockwell  International  Corp.,  Anaheim,  Calif.) 

In  NAECON  !74;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  13-15,  1974. 
(A74-38517  19-09)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1974,  p.229-236. 

Description  of  an  advanced  MOS/LSl  microprogrammed  processor  being  developed  for  application  as  the  digital  processor 
in  the  advanced  micro-navigator  (Micron)  system.  Micron,  being  a ‘strapdown’  navigation  system,  has  unique  processing 
requirements.  Additional  requirements  are  defined  to  meet  system  objectives  in  the  areas  of  size,  weight,  power, 
reliability,  radiation  hardness  and  cost  of  ownership.  A processor  configured  to  meet  these  requirements  is  described. 
ABA  author. 

75/00/00  76A44968 

BODY  FIXED  OPTICS  IN  SEEKERS  - THEIR  REWARDS  AND  PITFALLS 
Baker,  M.L. 

(Martin  Marietta  Aerospace,  Orlando,  Fla.) 

In  Electro-Optical  Systems  Design  Conference  and  International  Laser  Exposition,  Anaheim,  Calif.,  November  11-13, 
1975,  Proceedings  of  the  Technical  Program.  (A76-44926  23-35)  Chicago,  Industrial  and  Scientific  Conference  Manage- 
ment, Inc.,  1975,  p. 618-674. 

Rewards  and  pitfalls  are  examined  for  a strapdown  optics  seeker  that  permits  one-shot  kill  of  evasively  moving  targets 
which  have  been  designated  by  lasers.  This  seeker  combines  the  fixed  optics  of  the  early  pursuit  system  with  the 
inertially  stabilized  line  of  sight  of  the  gimballed  optics  seeker.  The  basic  operation  of  the  present  system  is  outlined  in 
terms  of  the  theory  of  nodal  points  from  geometrical  optics.  Among  the  rewards  of  the  system,  it  is  noted  that  the  fixed 
lens  systen)  is  easy  to  install,  the  inertially  stabilized  mirror  is  easily  torqued  for  guidance,  and  the  detector  is  fixed, 
requiring  no  slip  rings  or  exacting  wiring  to  bring  the  leads  out  from  a gimbal.  Pitfalls  discussed  include  lens  aberrations, 
vignetting,  and  mirror  pivot-arm  length.  Ways  to  deal  with  and  correct  for  these  pitfalls  are  considered.  ABA  F.G.M. 

73/00/00  73A35210 

CALIBRATING  THE  DRIFT  RATES  OF  STRAPDOWN  ELECTTROSTATIC  GYROSCOPES 
Andrews,  A. 

(Rockwell  International  Corp.,  Autonetics  Div.,  Anaheim,  Calif.) 

In  NAECON  73;  Proceedings  of  the  National  Aerospace  Electronics  Conference,  Dayton,  Ohio,  May  14-16,  1973. 
(A73-3520t  17-09)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1973,  p.76-81. 

A technical  approach  to  the  problem  of  calibrating  the  procession  rates  of  the  spin  axis  of  a strapdown  electrostatic 
gyroscope  (ESG)  is  presented.  The  problem  is  complicated  by  the  fact  that  the  spin  axis  is  not  constrained  in  direction 
with  respect  to  its  support  bearing,  and  the  procession  rates  depend  upon  this  direction.  The  virtual  work  technique  is 
used  for  modeling  the  bearing  torques  on  the  rotor.  Tins  has  the  advantages  that  the  model  equations  are  applicable  to 
any  ESG  design,  and  that  the  functional  form  of  the  model  is  more  transparent  than  that  obtained  by  the  forco/levo^ 
arm  technique  for  defining  torques.  Tltis  approach  also  leads  to  an  appropriate  functional  analysis  for  unmodeled 
torques.  Tlie  resulting  calibration  problem  is  linearized  and  lends  itself  to  conventional  statistical  methods.  ABA  author. 

76/00/00  77A28300 

COMPARATIVE  STUDY  OF  PULSE-REBALANCED  INERTIAL  SENSORS  WITH  DIFFERENT  DYNAMICS 
Rahlfs,  D. 

(Deutsche  Forschungs-  und  Vorsuchsanstalt  fuer  Luft-und  Raumfalirt,  Braunschweig,  West  Germany) 

In  Intornalional  Navigational  Congress,  Boston,  Mass.,  August  3 6,  1976,  Proceedings.  (A77-28285  1 1-04)  Wusliington. 
D.C,,  Institute  of  Navigation,  1976,  p.280-28S. 

Pulse  rebalance  loops  are  applied  when  high  precision  is  required  for  the  digital  readout  of  inertial  sensors.  Tire  arrange- 
ment of  high  preciidon  readout  electronics  developed  by  DF VLR  is  described  and  discussed.  1 est  results  for  pendulous 
accelerometers  of  different  dynatttics  and  construction  are  presented.  Criteria  for  the  optimal  layout  of  pulse  rebalonciitg 
loops  of  inertial  sensors  ore  provided.  ABA  author. 

76/00/00  76A44794 

COMPARATIVE  S I UDY  OF  PULSE-REBALANCED  INERTIAL  SENSORS  WITH  DIFFERENT  DYNAMICS 
Rahlfs,  D. 

(Deutsche  Forschungs-  und  Versucirsanstait  filer  Lult-  und  Raumroitrl,  Braunscliwoig,  West  Germany) 

Ortungund  Navigation,  No. 2*  3,  1 976  p.  177-1 94. 

Basic  principles  of  pulse  torque  readout  electronics  are  examined  and  approaches  for  (he  generation  of  high  precision 
current  lime  Incieincnts  are  considered,  taking  into  account  an  H-switcIi  with  a higidy  stable  switch  delay  and  current 
control  loops.  ITie  application  of  pulse  rebalance  loops  for  the  readout  of  pendulous  accetcromclers  is  discussed  and  a 
description  is  presented  of  the  criteria  for  the  layout  of  pulte-rebalanccd  senson.  Attention  is  given  to  the  mecliantcal 
part  of  a sensor,  the  torque  generator,  aspects  of  angular  readout,  and  the  regulator  and  quantizer.  ABA  G.K. 


AlAA  Paper  73-835  73/08/00  73A38791 

COMPETITIVE  EVALUATION  OF  FAILURE  DETECTION  ALGORITHMS  FOR  STRAPDOWN  REDUNDANT 
INERTIAL  INSTRUMENTS 
Wilcox,  J.C. 

(TRW  Systems  Group,  Redondo  Beach,  Calif.) 

American  Institute  of  Aeronautics  and  Astronautics,  Guidance  and  Control  Conference,  Key  Biscayne,  Fla.,  August 
20-22, 1973,  lip. 

Seven  algorithms  for  failure  detection,  isolation,  and  correction  of  strapdown  inertial  instruments  in  the  dodecahedron 
configuration  are  competitively  evaluated  by  means  of  a digital  computer  simulation  that  provides  them  with  identical 
inputs.  Their  performance  is  compared  in  terms  of  orientation  errors  and  computer  burden.  The  analytical  foundations 
of  the  algorithms  are  presented.  The  features  that  are  found  to  contribute  to  superior  performance  are  use  of  a definite 
logical  structure,  elimination  of  interaction  between  features,  different  thresholds  for  first  and  second  failures,  use  of  the 
‘parity’  test  signals,  and  avoidance  of  iteration  loops.  ABA  author. 

AD-763S79  ESD-TR-73-89  72/11/00  73A26635 

CONSTANT-Q  PULSED  FEEDBACK  ELECTRONICS  FOR  STRAPPED-DOWN  GYRO  SYSTEMS 
Millner,  A.R. 

(MIT,  Lexington,  Mass.) 

IEEE  Transactions  on  Aerospace  and  Electronic  Systems,  Vol.  AES-8,  November  1972,  p.762,  763.  USAF-sponsored 
research. 

For  rate-integrating  strapped-down  gyros,  such  as  those  used  in  space  platform  orientation  systems,  a new  feedback  design 
is  described  that  employs  a precision,  temperature-compensated  metallized  teflon  capacitor  charged  to  a precise  voltage 
as  a source  of  constant  charge  which  discharges  through  a torquer  to  provide  the  feedback  current  pulse.  The  system 
provides  a constant  time-average  power  dissipation  in  the  torquer,  which  simplifies  temperature  control.  Thus,  system 
simplicity  is  retained  and  very  low  power  consumption  can  be  achieved  in  the  electronics,  with  predicted  accuracy  of  40 
ppm  per  year,  limited  mainly  by  the  capacitdr.  ABA  M.V.E. 

75/00/00  76A11843 

COST  CONSIDERATIONS  IN  A STRAPDOWN  NAVIGATION  SYSTEM  USING  DRY  TUNED  INSTRUMENTS 
Craig,  R.J.G,;  Rus-sel.J.G. 

(Litton  Industries,  lno„  Woodland  Hills,  Calif.) 

In  Intercon  75;  International  Convention  and  Exposition,  New  York.  N.Y.,  April  S -IO,  1V7S,  Conference  Record. 

(A76-1 1826  02-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  197  >,  p.l  35/4-6  35/4. 

Design  guidelines  are  stated  for  a low  cost  straptlown  navigation  system  using  mature  technology  of  tuned-girnbai  gyros. 
Components  of  the  system  designed  in  accordance  witii  these  guidelines  are  described.  Mature  technology  is  defined  as 
one  which  is  citaraetcrized  by  complete  and  thorough  understanding  and  production  experience.  It  is  asserted  that  near 
future  largo  volume  procurements  for  strapdown  navigation  systems  will  favor  those  systems  that  are  based  on  mature 
technologies  because  these  technologies  are  more  amenable  to  accurate  cost  predictions  and  analyses.  Disettssions  of 
system  costs  such  as  life  cycle  cost,  acx|uisition  costs,  initial  logistics  cost  and  recurring  costs  is  presented  and  comparison 
between  gimbatled  systems  and  strapdown  system  using  simitar  technologies  is  made.  ABA  author. 

76/00/00  77A20666 

DIFFERENTIAL  LASER  GYRO  DEVELOPMENT 
ilresman,  J.;  Cook,  H.;  Lysobey,  1). 

(United  Technologies  Corp.,  Hamilton  Standard  Div..  Windsor  Locks,  Cortn.) 

In  New  Frontiers  in  Aerospace  Navigation;  Proceedinp  of  tlic  Bicentemtiai  National  Aerosjiacc  .Symposium,  Warminster, 
Pa..  April  27.  28. 1976.  (A77-206S5  07-04)  Waslunglon.  D.C..  Iitsliluto  of  Navigation,  1976,  p.7S-79. 

Ttie  paper  outlines  the  design  concept,  construction,  operation,  and  tested  capahilitt^  of  the  differential  laser  gyro 
(DILAG)  provided  with  four  simultaneously  operating  modes,  resulting  in  a righificant  advancement  in  strapdown  inertial 
guidance.  The  DILAG  concept  eliminates  bias  stability  and  dithering  problems  by  simullancously  operating  two 
complete  laser  g>  ros  in  the  same  laser  cavity.  In  one  gyro,  both  the  ciockwise  traveling  wave  and  the  counierdockwise 
travding  wave  are  right  circularly  potarized,  while  in  the  otln'r  gyro  both  waves  are  tefi  circularly  polarieed.  Botii  gyros 
are  biased  out  of  Ihdr  respective  deadband  regions  by  the  same  Faraday  cell.  I1ic  DILAG  cavity  is  constructed  from  a 
block  of  ultra-low-expantion  quartz.  Ibc  detector  electronic.s  and  the  sers^o  control's  for  envity  length  and  discharge 
current  ate  coiutrucied  on  a printed  circuit  board  and  mounted  on  lop  of  the  block-  Tesi  results  showed  examples  of 
noise  suppression  and  error  canccUalion,  excellent  pulse  inoding  characteristics,  and  scale  factor  linearity  at  low  rales.  A 
self-dicck  technique  leading  to  a wide-ranging  error  compensation  and  calibration  capability  is  dUoussed.  ABA  S.U. 

76/00/00  76A47229 

OlFITiRENTIAL  LASER  GYRO 
SlowcH.  W.K.;  McAdoty,  R.W,,  Roanlree.  J.P. 

(USAF,  Avionics  Laboratory,  Wri|hl-Patlefson  AFB.  Ohio):  (United  Technologies  COrp.,  Hamilton  Standard  Div,, 
Fanninglon,  Conn.) 

In  Engineering  in  a Changing  Economy;  Proceedings  of  the  Souihcxsl  Region,  3 ConfcrcnGc,  Clemson,  S.C.,  April  5 7, 


1 976.  { A76-47201  24-99)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1 976,  p. 227-229. 

The  differential  laser  g>  "'ILAG)  is  being  developed  as  a solution  to  the  instabilities  and  eiTor  sources  inherent  in 
conventional  techniques  of  overcoming  the  low  angular  rate  lock-in  threshold  (the  rotation  rate  below  which  the  laser 
gyro  has  no  response).  The  DILAG  concept  consists  of  operating  two  ring  lasers  in  the  same  optical  cavity  and  biasing 
them  with  the  same  optical  element.  This  makes  it  possible  to  obtain  rate  sensing  with  the  same  scale  factor  and  bias 
terms  in  each  of  the  laser  gyros.  Results  of  performance  testing  of  the  DILAG  are  discussed.  ABA  B.J. 

76/00/00  77A20649 

DIGITAL  READOUT  IN  THE  CASE  OF  INERTIAL  SENSORS 
Rahlfs,  D. 

(Deutsche  Forschungs-  imd  Versuchsanstalt  fuer  Luft-  und  Raumfahrt,  Institut  fuer  Flugfuehrung,  Braunschweig,  West 
Germany) 

In  Symposium  on  Gyroscope  Technology,  Braunschweig,  West  Germany,  March  3 1 April  1 , 1 976,  Reports.  (A77-20643 
07-35)  Dusseldorf,  Deutsche  Gesellschaft  fuerOrtung  und  Navigation,  1976,  p.  127- 177.  In  Go.,  an. 

The  output  signals  of  inertial  measurement  systems,  particularly  in  the  case  of  strapped-down  systems,  are  further 
processed  with  the  aid  of  a digital  procedure.  The  approaches  used  in  the  assignment  of  digital  values  to  the  measured 
quantitites  are  discussed,  taking  into  account  the  derivation  of  the  transfer  function  for  pendulum  acceleration  measure- 
ment devices,  a general  analysis  of  suitable  methods,  and  nonintegrating  and  integrating  digitiaing  procedures.  A descrip- 
tion is  presented  of  Mie  electronic  methods  developed  in  West  Germany  for  the  implementation  of  incremental  readout 
processes.  ABAG.R. 

NASA-CR- 140296  E-2525  70/08/00  74N78010 

DYNAMIC  TESTING  OF  A SINGLE  DEGREE-OF-FREEDOM  STRAP1X)WN  GYROSCOPE 
Feldman,  J, 

Massachusetts  Inst,  of  Tech..  Cambridge.  (Charles  Stark  Draper  Lab.) 

Presented  at  the  Sth  Biennial  Guidance  Test  Symp..  Holloman  AFB,  N.  Max.,  14  16  October  1970. 

75/07/00  7SA40689 

ESTlMATlNf)  ANGULAR  VELOCITY  FROM  OUTPUT  OF  RATE-INTEGRATING  GYRO 
FriedlamI,  IL 

(Singer  Co.,  Little  Fulls.  N.J.) 

IEEE  Traitsuetloos  on  Aerospace  and  Electronic  Systems,  Vol.  AES’l  I.July  l97S.p.5Sl-SSS. 

It  is  sJtown  that  the  Kalman  filtering  technique  can  be  used  to  Improve  esliarate*  of  angular  velocity  In  a strapped-down 
navigation  system  on  the  basts  of  angular  increment  (rate  integral)  data,  A model  for  the  evolution  of  the  angular  velocity 
is  tleveto|)ed.  and  estimation  equations  are  obtained  by  applying  the  general  equations  of  Kahnan  filtering  to  the  model. 

It  is  found  that  a simple  second-order  constanl-coeffideni  digilai  filter  can  yield  significant  tmproventeni  for  very  Itigh  or 
very  low  values  of  a defined  noise-to-signal  ratio  and  ttial  improvement  is  negl^tble  for  ratios  of  tlte  order  of  unity. 

ABA  F.G.M. 

AlAAPapcr7S-!07l  7S/08/00  7SA4I637 

ESTIMATION  OF  GYRO  PARAMETERS  FOf  EXPERIMENTALLY  DEVELOPED  GYRO  MODELS 
Coffman.  V.D.;  Debra.  D.B. 

(Lockheed  Missiles  atid  .Space  0»..  Inc..  Sunnyvale, Calif.);  Stanford  University,  Stanford,  Calif.) 

American  Institute  ot  Aeronautics  and  Astronautics.  Guidance  and  Control  Conference,  Boston  Mass.,  August  20  22, 
l*»7S,  I3p. 

Strafnlown  attitude  reference  systems  with  Imdy  flk«!  attitude  sensors  rely  on  gyros  to  maintain  the  reference  between 
attitude  measurements.  For  maneuvering  vehicles  both  gyro  scale  factor  and  drift  are  observable  for  adequate  amplitude 
and  frequency  of  motion.  Performance  is  investigated  using  compensation  for  both  multitdieativc  (scale  factor)  and 
additive  (drift)  error  sources.  Six  gyros  were  tested  to  develop  models  that  provide  improvement  in  the  accuracy*  of  the 
refctences.  On-lioc  estimation  of  model  parameters  is  obtained  by  appending  additkwal  slates  and  using  measured  vehicle 
rate  directly  in  tlur  stale  matrix,  leading  to  a linear,  lecundvc  Kahnan  filler  formulation  with  time  varying  coefficients. 
ABA  author. 

77/00/00  78AI57I1 

EVALUAtKTN  TECHNIQUES  FOR  INS  ALGORITHMS 
Nurse,  R.:  Schmidt,  G.:  Kaiser,  D. 

(Charles  Stark  Draier  Laboratory,  (nc.,  Cambridge,  Mats.):  (US\F,  Avionics  Laboratory.  Wrighl-Pallcrson  Aifift.  Ohio) 

In  NAECON  *77;  Prooeedings  of  the  National  Acroqsacc  and  Ficcironics  Ckmfcrcncc.  Dayton.  (Rtio,  May  17  |9, 1977. 
(A'/8-lSSSl  04-.)J)  New  York,  Institute  of  Elecirieal  and  tOeclronies  Engineers,  Inc.,  1977,  p.l26B-l2SI. 

The  paper  comiden  the  design  of  (he  nunterical  simulator  program  (NUMSIM)  developed  to  determine  INS  navigation 
errors  in  position,  velocity  and  attitude  resulting  Horn  mcchaniaalion  of  (he  navigation  cqualioiu  on  a digital  computer 
for  an  enor-free  IMU.  The  program  provides  a simulation  of  the  navigation  computation  for  three  different  IMU  mcchaiii 
aolions,  namely  a local-level  wander-aximuih  platform  stabiliilioa.  a space-siabiliacd  platform,  and  a strapdowo 


configuration.  A functional  and  structural  overview  of  the  simulator  is  presented  and  a short  parametric  study  using 
the  simulator  is  described.  AB.A  B.J. 

AlAA  Paper  73-902  73/08/00  73A38836 

EXPERIMENTAL  TRAJECTORIES  VIA  KALMAN  FILTERING 
Barton,  R.;  Gurwell,  N. 

(KMS  Technology  Center,  El  Segundo,  Calif.) 

American  Institute  of  Aeronautics  and  Astronautics,  Guidance  and  Control  Conference,  Key  Biscayne,  Fla.,  August 
20-22,  1973, 9p. 

A computerized  method  for  estimating  the  trajectory  of  a r.  aneuvering  reentry  vehicle  and  systematic  sensor  error 
sources  has  been  developed.  The  program  utilizes  measurements  from  radars,  optical  sensors,  and  an  inertial  reference 
system  composed  of  strapdown  and  stable  platform  instrumentation.  These  measurements  are  combined,  utilizing  the 
extended  Kalman  filter  theory,  to  yield  minimum-variance  estimates  of  nearly  all  trajectory  parameters  and  systematic 
errors  in  the  instrumentation.  The  analytical  formulation  of  the  traijectory  estimation  problem  and  the  characteristics 
of  the  associated  computer  program  are  described.  ABA  author. 

75/05/00  75A31930 

FAILURE  ISOLATION  FOR  A MINIMALLY  REDUNDANT  INERTIAL  SENSOR  SYSTEM 
Harrison,  J.V.;  Chien,  T.-T. 

(Charles  Stark  Draper  Laboratory,  Inc..  Cambridge,  Mass.) 

IEEE  Transactions  or*  Aerospace  and  Electronic  Systems,  Vol.  AES-1 1 , May  1975,  p.349-357. 

Ute  application  of  two-degree-of-freedom  inertial  sen  <;ors  in  a minimally  redundant  strapdown  configuration  is  considered 
The  potential  improvement  in  itdiability  which  can  be  achieved  by  exploiting  the  failure  isolation  capability  unique  to 
this  configuration  is  evaluated.  A unified,  statistical  approach  to  the  detection  and  isolation  of  both  hard  and  soft  !»nsor 
failures  is  presented.  The  effectiveness  of  this  unified  approach  to  FDl  in  terms  of  the  mean  time  to  detection,  the  mean 
tiirn  between  false  alarms,  and  (he  accumulated  attitude  onor  prior  to  detection  is  indicated  by  simulation  results. 

ABa  author. 


77/00/00  78AIS64I 

SYSTEM  DESCRIPTKJN  AND  PERFORMANCE  CHARAnilRISTlCS  OF  A QUAD  REDUNDANT  STRAPDOWN 
INERTIAL  NAVIGATION  AND  FUGHT  CONTROL  SYSTEM 
Dpnoghuc,  P.J. 

(Teleslvne  Systems  Co..  Northridge,  Calif.) 

In  NAECON  '77;  Proceedings  of  the  National  Aerospace  and  Flccironies  Conference,  Dayton,  Ohio.  May  17  19. 1977. 
(A78-IS5SI  04*33)  New  York,  Institute  of  EIcctticiri  and  Eloetronlai  Engineers,  Inc.,  1977,  p,7h7*774. 

Tliis  patrer  dc*cribe,>i  t.Hc  system  design  and  development  of  a quadfuply  redundant  strapdown  inertial  information  and 
ccwiputation  system.  Tins  system  was  developed  for  application  to  a digital  Ry-by-whe  controlled  configuration  vehicle. 
Design  rationale  and  hntilementatinn  of  the  system  are  descnb.^d  in  tour  major  arer»:  ( I ) sensois.  (1)  digital  conversion 
tecliniques,  (3)  dlg'‘a!  ompotcr  artd  (4)  imphmtenlafion.  ABA  author. 


77/00/00  78A!.:m2 

FUGHTCUNTROUNaVIGAIION  IMRTIAL  refer LNCE  SYSTEM 
Ebncr.  R.E. 

(Litton  .Sysie-m*.  Inc.,  W-.>«tland  Hdls.  (/alif.). 

In  NAKCGN  '77,  rroccedings  of  the  National  Aerospace  and  FJcct^mes, Conference,  Dayton,  Otiio,  May  17  19.  1977. 
(A78*IS55!  04*33)  New  York.  Institute  of  Electrical  and  Elccironics  Engkreers,  Inc.,  1977,  p.775- 782. 

The  prehmitsaty  design  of  a redundant  strapdown  navtgalion  system  for  tnlcgraM  fiigtd'control/navigatian  use  has  beert 

compkied.  Based  on  application  of  luncd-gimbai  gyros,  a compact  conftguraf»ri{t3  in  x tJinx  14  in)  has  been  achieved 

for  fad-ot^fational/fait-aperational  rtNlundan-y . Test  data  are  prtseisfcd  for  strapdown  sy.stcm  lest  programs  tnciuding 
flight  testing  of  the  LN-SO  tuned-gimhal  gyro  system.  Testing  of  a redundant  sensor  cenfiguraiion  is  currently  in  ptoom. 
Strapdown  gyro  devehHXhent  also  include  ring  User  and  nuclear  magnetic  resonauce  tscNniques.  ABA  author. 


?7/t;it)/C0  78A 15938 

FLIGHT  vehicle  STABIUZATION  WITH  A PUTl-ORMLESS  INERTIAL  SYSTEM 
Lebedev,  R.K. 

Mofce-v.  ladatcl  ‘Stvo  Mashinostroenie.  1977.  |42  p.  In  Russian. 

Thu  tnvnk  outlines  the  Iheoretkal  principles  of  a fdatfotmleit  (light -vehirdr  urrhihEadorr  system  in  which  itxulls  of 
catcuUuoni  performed  by  an  on-board  computer  in  real  time  htn;  . s Right  s'c  used  ss  the  inertial  coonlinatc  -hacetinc. 
Principk't  of  attitude  control  without  a gyrostahilUed  plattonu  an  **^nsidc  -d.  s>  d ' oathenMitka;  dcsctSptiaiv  «f  the 
fiighi  vehkk  as  an  object  to  be  tiahilited  in  a pialformtcss  mtem  is  givers.  tVcIuiiquet  for  detefmtrutqt  (nsiantartcous 
ailitutde  of  a fli^i  vehicle  relative  to  inertial  space  are-  Pcw'iihed  aio  i|  with  Jumo^rtgicar  <;  rrots  ofiociated  with  the 
olgotilhmt  used  in  consliuctitqt  the  inertial  coordinate  hasehm.-.  Attention  ' • ais.'  given  to  the  forimdation  ofcohlrol 
commands,  the  eonttsd  channel,  and  techntq,iet  fbt  ptX'Wrnting  control  mots.  It  U noted  that  the  fotwalUms  o*  control 
thesMV  may  he  employed  in  compulittg  (he  dynamical  .^roiwrtiet  of  the  pUl(o.mrttss  hvcriial  system.  ABA  F.G.M. 


76/00/00  77A37356 

FLOATED  MULTISENSOR  FOR  LOW-COST  NAVIGATION  A 

Weinberg,  M.  jy 

(Charles  Stark  Draper  Laboratory,  Inc.,  Cambridge,  Mass.) 

In  NAECON  ‘76;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  18-  20,  1976. 
(A77-37352  17-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1976,  p,20-27. 

The  Charles  Stark  Draper  Laboratory  (CSDL)  multisensor  is  a single-degrec-of-freedom  floated  integrating  gyroscope  with 
the  output  axis  purposely  unbalanced  to  obtain  pendulosity:  thus,  specific  force  in  addition  to  angular  rate  can  be 
measured.  Analytical  and  design  studies  arc  being  performed,  and  further  testing  of  a previously  constructed  feasibility 
instrument  is  planned.  Performance  objectives  are  1-mcru  (0.015  deg/h)  bias  and  gyro  scale-factor  stability,  and  100- 
microgram  bias  and  50-ppm  scale-factor  stability  for  the  accelerometer  function.  The  feasibility  instrument  has  demon- 
strated the  basic  potential  of  the  multisensor  concept  as  a viable  multiscnsor  instrument  for  avionics  and  tactical 
guidance  and  navigation  application.  This  paper  deals  with  the  description  of  the  basic  concept,  reviews  the  test  data 
from  the  feasibility  multiscnsor.  and  discusses  the  dynamics  of  the  instrument  and  associated  error  torque  mechanism. 
ABA  author. 


76/00/00  77A 17633 

FREQUENCY  CHARACTERISTICS  OF  RECURRENT  ALGORITHMS  FOR  CALCULATING  DIRECTION  COSINES 
IN  PLATFORMLESS  SYSTEMS 
Lebedev,  R.K. 

Priborostroenie.  Vol.  19,  No.  10, 1976,  p.79-82.  In  Russian. 

Two  algorithms  the  interpolation  and  the  extrapolation  algorithms  used  for  calculating  direction  cosines  of  strap- 
down  navigation  systems  arc  examined  and  compared.  It  is  l^ound  that  the  interpolation  algorithm  has  a relatively  small 
amplitudinal  error  but  can  create  a stability  problem  in  closed  systems  due  to  significant  phase  distortion,  llie  extra- 
polation algorithm  has  an  almost  ideal  phase  characteristic  but  its  maximum  amphtudinal  error  is  about  four  times  greater 
than  that  of  the  reference  algorithm.  ABA  BJ. 

7.3/03/00  73A29214 

HlQH-RELlABlLn-Y  STRAPDOWN  PUTFORMS  USING  TWO-OEGREEOF-FREEDOM  GYROS 
Hung,  J.C.;  Doran,  11. J, 

(Tenneswe.  University.  Knoxville.  Tenn.);  (NASA.  Marshall  Space  Flight  Center,  Huntsville.  Ala.) 

IEEE  Transactions  on  Aerospace  and  Electronic  Sy-iteros.  Vol.  AES'9,  March  1973.  p.2S3-2S9. 

This  paper  presents  a new  concept  of  high-reliability  strapdewn  attitude  sensing  systems  for  space  vehicles.  Each  system 
ulihaes  a set  of  redundant  two-degree-of  freedom  gyros.  An  optimum  system  configuration  is  obtained  for  maximum 
system  reliability  and  the  best  measurement  accuracy.  Improved  accuracy  of  the  final  data  is  obtamed  by  using  the  least- 
square  data  reduction  technique.  Each  sy^stem  possesses  a ‘sensor  performance  management'  feature  which  is  capable  of 
failure  detection.  Faulty  gyro  identification,  system  reconfiguration,  and.  ptsssibly,  sensor  recalibralion.  Intprovemcnt 
m reUabillty.  as  compared  to  other  types  of  strapdown  systems,  is  demotulratcd.  Details  of  the  development  are 
detcrihed  in  ternrs  of  a system  containing  four  gyros,  ABA  author. 


AlAA  Faper  74-867  74/08/00  74 A3  78.54 

inf;rtial  navigation  system  tests  having  improved  OBSERVABIUTT’  of  error  SOtmCE.S 

WldnaU.  W.S..  Grundy,  F.A..  Murch.W.G. 

(Inicrmetrics,  Inc  . Cambridge.  Mass.).  fUSAF.  Holloman  AFB.  N.  Mcx.) 

American  Institute  of  Acronatiticv  and  Aslronauiier.  Mechanics  and  Control  of  Flight  Conference.  Anaheim,  Calif., 
Augusts  9, 1974. 14p.  USAF-supported  research. 

Optimal  filteritrg  of  simulated  inertial  navigation  system  (INisi  test  data  is  u;.  t to  evaluate  alternate  lalmratory  and  flight 
test  teehniques.  which  arc  intended  to  determine  the  value  of  each  significar-!  ^outce  of  navigation  fttm.  Tests  of  Isolh 
gimhalcd  and  strapdown  sy stents  arc  cvaloafed.  The  major  problem  presenting  more  accurate  determination  of  the 
dorens  of  sources  of  error  irt  an  INS  is  the  hi^r  ootrelaiion  t»cfwc«n  ti.e  contributions  of  many  of  the  sources  of  error. 
Lalsoratot)’  test  sequences  and  (light  t^f  trajectories  are  presented  (hat  reduce  these  Correlations  and  imfurove  (he  itbserv- 
ability  of  the  individual  sources  of  error.  ABA  author. 


tb/OO/OO  7bA4S796 
INTEGRATED  AIRCRAFT  NAVIGATION 
Farrell,  J.L. 

(Wcstmghrrusc  Etcctric  Cotp..  Systems  Development  Div..  Baltimore.  Md.) 
New  Vorli,  Academic  lYcss.  Inc..  1976,  K»5p. 


An  intr^rafed  textbook  drasving  upon  elementf  required  from  various  science  attd  cnginceting  disciplines  contributing 
to  aircraft  navigation  systems.  Material  is  drawn  upon  from  theoretical  dynamics,  inertial  meanitcntcnix.  radar,  radio 
t»vaids.  ccksliai  observations,  statistical  estimation  techniques,  avionics,  gravity  mca.su<emcnts.  error  analysis,  Kal<ctai« 
rdters.  conrpvter  tracking  techniques.  IVoWem  csercucs  are  appended  to  each  chaivtcr.  Strapdown  coordinates,  an-ro* 
air  tracking,  gyrodynamics.  rotational  transforms,  point  OM  mode,  ami  sumsptimal  damping  are  among  the  Itspics  treated. 
The  undeitying  fursctional  similarity  of  aircraft  nav%aiion  and  tracking,  spheroidal  earth  navigation,  ^balled  ptalfom 


and  strapdown  inertial  navigation,  space  stable,  geographic,  and  wander  azimuth  coordinate  references,  damped  and 
undamped  inertial  navigation  systems,  radio/radar/optical  updating,  aiid  block  or  recursive  estimation  algorithms  for 
updating,  is  pointed  out.  ABA  R.D.V. 

75/00/00  76A32400 

investigation  of  a roll  stabilized  analytic  platform/rsap/type  inertial  navigation 

SYSTEM 

Vepa,  N.M.;  Higashiguchi,  M. 

(Indian  Space.  Research  Organization,  Control  Guidance  and  Instrumentation  Div.,  Trivandrum,  India);  (Tokyo, 
University,  Tokyo,  Japan) 

In  International  Symposium  on  Space  Technology  and  Science,  1 1 th,  Tokyo,  Japan,  June  30-July  4,  1975.  Proceedings. 
(A76-32301  1 5-12)  Tokyo,  Agnes  Publishing,  Inc.,  1975,  p.721-729. 

The  paper  describes  the  so-called  roll  stabilized  analytic  platform  type  inertial  navigation  system,  in  which  the  sensors 
(three  rate  integrating  gyros  and  three  accelerometers)  are  mounted  on  a table  that  is  electromechanically  sta’^ilized  about 
the  roll  axis  and  for  which  the  coordinate  orientation  with  respect  to  the  inertial  frame  is  established  analytically.  The 
system  preserves  the  advantages  of  a strapdown  system  in  addition  to  isolating  the  sensors  from  the  roll  motions  of  the 
vehicle,  which  results  in  a great  reduction  in  sensor  errors.  Simple  coordinate  transformation  algorithms  - two  Euler 
angle  algorithms  and  the  DCM  algorithms  - are  proposed  for  platform  stabilization.  A new  non-iterative  orthogonaliza- 
tion  technique  based  on  the  DCM  algorithm  is  proposed  for  analytical  coordinate  orientation  and  the  performance  of  the 
inertial  system  studied  here  is  compared  with  the  performance  of  a strapdown  system  by  simulating  both  systems  and 
comparing  their  typical  motions.  ABA  B.J. 

AD -784907  AFOSR-74-1367TR  74/06/30  75N77920 

INVESTIGATION  OF  STRAPDOWN  REFERENCE  SYSTEMS 
Bowles,  W.M. 

Ok'ihoma  State  Univ.,  Stillwater.  (School  of  Mechanical  and  Aerospace  Engineering) 

75/00/00  76A22634 

INVESTIGATION  OF  TIME-SHARING  OF  REBALANCE  ELECTRONICS  FOR  SENSORS  IN  STRAPDOWN 
NAVIGATION  PL.ATFORMS 
Coffman,  D.E.;  Hung,  J.C. 

(Tennessee,  University,  Knoxville,  Tenn.)  Tennessee  Univ.,  Knoxville. 

In  Electricity  an  Expanding  Technology;  Proceedings  of  the  Southeast  Region  3 Conference,  Charlotte,  N.C.,  April  6-9, 
1975.  Volume  1.  (A76-22626  09-31)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1975,  p.3E*2*l 
to3E-2-10. 

This  article  reports  the  results  of  an  investigation  on  time-sharing  of  u rebalance  electronics  among  several  sensors  used  in 
a strapdown  navigation  platform.  Various  concepts  are  given.  The  merits  and  demerits  of  tiie  time-sliating  for  a typical 
situation  are  discussed  in  detail.  A possible  hardware  realization  is  proposed,  in  addition,  this  study  develops  a general 
approach,  applicable  to  other  systems,  for  evaluating  the  use  of  time-sharing  concept.  ABA  author. 

75/01/00  75A20803 

ITERATIVE  OPTIMAL  ORTHOGONALIZATION  OF  THE  STRAPDOWN  MATRIX 
Bar-Itzhack,  l.Y. 

(Technion  - Israel  Institute  of  Technology,  Haifa,  Israel) 

IEEE  Transactions  on  Aerospace  and  Electronic  Systems,  Vol.  AES- 1 1,  January  1975,  p.30-37. 

This  paper  treats  the  problem  of  finding  an  orthogonal  matrix  which  is  the  closest,  in  the  Forbonius  norm,  to  a given 
nonorthogonal  matrix.  This  nonorthogonal  matrix  is  the  result  of  a fast  but  ratlier  inaccurate  computation  of  the  well- 
known  direction  cosine  matrix  (DCM)  of  a strapdown  inertial  navigation  system.  ITic  known  dosed-form  solution  to 
this  problem  is  rederived  using  tlie  directional  derivative  method,  and  the  conditions  tur  minimum  distance  are  derived 
and  discussed.  A new  iterative  toclinique  for  solving  this  problem  is  derived  as  a result  of  the  application  of  the  gradient 
projection  technique  and  the  directional  derivative  method.  Tlio  practical  comiiutatlonal  problems  involved  in  this  loch- 
nique  are  discussed.  The  new  teciinique  is  demonstrated  by  three  examples.  Although  particular  attention  is  given  to  tlie 
3x3  direction  cosine  matrix,  the  conclusions  are  nonetheless  valid  higher  order  matrices.  ABA  author. 

75/00/00  76A 11826 

INTERCON  75;  INTERNATIONAL  CONVENTION  AND  EXl*OSlTION,  New  York,  N.Y.,  April  8 10.  1975, 

Conference  Record:  Convention  sponsored  by  the  Institute  of  Electrical  and  Eloctronia  Engineers.  New  York,  Institute 
of  Electrical  and  Electronics  Engineers,  Inc.,  1975.  62lp. 

Papers  arc  presented  describing  recent  advances  in  computer  hardware,  electronic  inslntmenlalion,  automatic  test  equip- 
ment, and  comn  mications  .systems.  Some  of  the  topics  covered  include  sampling  measurements  for  simplifying  automatic 
test  equipment  design,  emerging  teclmologios  in  local  exchange  communication  networks,  design  of  microprocessor  based 
terminals,  testability  onhancemont  in  dig'tui  system  design,  random  llle  |)rocessing  in  a storage  liierarchy.  satellite  system 
considerations  for  computer  data  transfe*',  and  tocluiiques  fur  ucliicving  low  cost  strapdown  navigation,  bidividual  items 
are  announced  in  tills  Issue.  ABA  P.T.H. 


76/00/00  76A47227 

LASER  INERTIAL  PLATFORM  FOR  ARMY  MISSILES 
Johnston,  J.V.;  Pugh,  R.E. 

(US  Army,  Missile  Command,  Redstone  Arsenal,  Ala.) 

In  Engineering  in  a Changing  Economy;  Proceedings  of  the  Southeast  Region  3 Conference,  Clemson,  S.C.,  April  5-7, 
1976.  (A76-47201  24-99)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1976,  p.221-223. 

The  system  aspect  of  a laser  gyro  strapdown  inertial  measurement  enit  applicable  to  US  Army  missiles  is  examined.  The 
sensor  assembly  contains  a single  triad  that  mounts  the  three  ring  laser  gyros  and  three  accelerometers.  Attention  is  given 
to  the  unique  conditions  for  application  of  laser  gyro  IMUs  to  army  missiles,  the  general  parameters  of  strapdown  IMUS, 
strapdown  navigation  softwa-e,  operating  modes,  and  the  performance  evaluation  system.  ABA  B.J. 

76/00/00  77A37432 

LOW  COST  INERTIAL  GUIDANCE  WITH  GPS  UPDATE  FOR  TACTICAL  WEAPONS 
Cox,J.W. 

(USAF,  Armament  Laboratory,  Eglin  AFB,  Fla.) 

In  NAECON  '76;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  18-20,  1976. 
(A77-37352  17-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1976,  p.623-626. 

The  Air  Force  Armament  Laboratory  has  recently  initiated  new  efforts  to  develop  a low  cost  inertial  guidance  subsystem 
(LCIGS)  for  tactical  guided  weapons.  The  efforts  are  to:  (1)  define  the  inertial  strapdown  subsystem  requirements, 

(2)  design,  develop  and  test  an  engineering  model  LCIGS,  and  (3)  develop  new  low  cost  inertial  instruments  for  long 
range  improvement  of  performance  and  reduction  cost.  The  result  will  be  a design  data  package  suitable  for  a competitive, 
non-proprietary  procurement  of  inertial  strapdown  subsystems.  LCIGS  will  be  optimally  designed  to  receive  position 
and/or  velocity  updates  from  alternative  navigation  schemes  such  as  Navstar  global  positioning  system.  A digital 
processor  will  be  designed  to  handle  system  integration  for  a modular  family  of  tactical  missile  configurations. 

ABA  author. 

77/00/00  78A14944 

MICR0PR(X:ESS0R  applications  IN  STRAPDOWN  INERTIAL  NAVIGATION 
Napjus,  G.A. 

(Telcdyne  Systems,  Northridge.  Calif.) 

In  Military  Electronics  Defence  Expo  '76;  Proceedings  of  the  Conference,  Wiesbaden,  West  Germany,  October  6 8,  1976. 
(A78.149:6  03-33)  Geneva,  Intvravia,  S.A.,  1977,  p,5l4.S?6. 

Attention  is  given  to  strapdown  inertial  navigation  systems  and  their  advantages  over  giinbal  systems.  Tho  system  uses 
three  limited-capacity  microcomputers  in  place  of  a minicomputer,  and  microprocessor  techniques  in  place  of  analog 
electronics  in  the  gyroscope  control  loops  for  inertial  sensor  control.  Microprocessor  flc.xibility  may  be  applied  to 
redundant  strapdown  navigatiott  systems  and  associated  digital  flight  control  systems,  such  as  for  the  navigation,  guidance, 
and  control  of  commercial  aircraft,  fighter  aircraft,  sp.sce  vehicles,  and  sounding  rockets.  ABA  S.C.S. 

73/00/00  73A27168 

MICROPROGRAMMED  DIGITAL  FILTERS  FOR  STRAPDOWN  GUIDANCE  APPLICATION 
Kapadia,  K.:  Dunn.  W.R. 

(Santa  Clara.  Unlvc.rsity.  Santa  Clara,  Calif.) 

In  Asllomar  ('onfcrcnce  on  Circuits  and  Systems.  6th.  Pacific  Grove,  Calif.  November  IS  17, 19V2,  Conference  Record. 
(A73-27l5t  12-10) North  Hollywood, Calif.,  Western  PeriodicaUCo..  1973,  p.419-423. 

Ulsemsion  of  an  approacli  for  implementing  digital  fillers  using  microprogrammed  control  logic  with  road  only  memory 
(ROM)  for  strapdown  guidance  applications,  and  description  of  a second-order  muiliplexed  system  using  mutUprogrammod 
control  instruction.  Die  microprogramming  technique  for  control  using  ROM  is  sliown  to  enhance  higher  order  digital 
filler  realisation.  I'tie  high  s(>ced  of  digital  circuits  reduces  propagation  time  and  facilitaies  n>u)tlplcxing.  Progranuned 
ROM's  can  t>c  altered  easily  for  different  olgorilhnts.  ABA  M.V.E. 

73/00/00  73A40037 

MICRON  A STRAPDOWN  INERTIAL  NAVIGATOR  USING  MINIA'IIIRE  ELECTROSTA  TIC  GYROS 
Duncan.  K.R. 

(Rockwell  International  Corp  . Auttmelics  Uiv..  Anaheim.  Calif.) 

In  National  Acrotp„:e  Meeting,  Wasldnglon,  D.C.,  March  13, 14. 1973,  IVoccedints.  (A73-4003S  21-21)  Wusliington, 

D.C.,  Institute  uf  Navigation,  1973,  p. 13-23.  USAF-supported  research. 

An  ovenicw  is  presented  of  a smalt,  low  cost,  slrairdown,  inertial  navigator  (Micron)  which  uses  two  miniufure  electro- 
statically suspended  gynrs  (MESG's)  to  cstablisli  the  tecHiiriMl  inertial  frame.  Tltc  system  iK'rfonnancc  goals  .ire  a position 
error  of  i nm/h;  C'FP  rate,  a velocity  error  of  S fl/scc  rms  fwr  axis  and  an  altitude  error  of  4 min  of  arc  nns  per  axis.  Tlie 
physical  characteristics  of  Uio  Mi^SG  instrument  ate  defiped  with  p.*irliculur  reference  to  the  unique  whole  angle  attitude 
readout  scheme.  I1tc  latter  is  achieved  by  clcclrtcaily  sensing  a dcliUerntc  radial  mass  unbalance  of  the  rotor  within  the 
MESG.  'The  analytic  modclinr’  fundamentals  of  the  calibration  techniques  for  gyro  drift  rale  and  wliole  angle  readout  ore 
presented.  Functional  block  diagrams  of  the  Micron  exjierimental  deinonstralion  system  are  illustrated  with  detailed 


discussion  of  the  gyrocompass  alignment  and  navigation  mechanization  applicable  to  the  Micron  strapdown  system.  ABA. 
76/00/00  77A374.38 

MICRON  LIFE  CYCLE  COST  PREDICTION  MODEL 
Gibson,  K.J. 

(Rockwell  International  Corp.,  Autonetics  Group,  Anaheim,  Calif.) 

In  NAECON  ‘76;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  18—20,  1976. 
(A77-37352  1 7-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1976,  p.674-681. 

Micron  is  a strapdown  inertial  navigator  which  uses  the  microelectrostatically  supported  gyro.  The  Micron  model  is 
analytical,  employing  cost  estimating  algorithms  based  on  average  maintenance  rates,  repair  times,  test  characteristics, 
etc.  Spares  requirements  are  calculated  using  a Poisson  cost  minimization  routine.  Some  parametric  relationships  are 
provided  for  estimating  data  page  counts  and  training  requirements.  ABA  B.J. 

77/00/00  78A 15643 

MIRA  - THE  MULTIFUNCTION  INERTIAL  REFERENCE  ASSEMBLY 
Harrington,  E.V.,  Jr;  Bell,  J.W;  Raroha,  G.H. 

(USAF,  Avionics  Laboratory,  Wright-Patterson  AFB,  Ohio) 

In  NAECON  ‘77;  Proceedings  of  the  Nationa?  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  17-19,  1977. 
(.\78-15551  04-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1977,  p.783-787. 

The  MIRA  is  being  developed  to  satisfy  the  combined  kinematic  data  requirements  of  flight  control,  navigation,  weapon 
delivery  and  terminal  area  control,  the  key  to  practical  implementation  of  these  sensor  functions  being  the  digitilazation 
of  avionic  and  flight  control  functions.  This  paper  describes  basic  MIRA  concepts  with  attention  given  to  sensor 
commonality  and  data  utilization,  location  considerations  and  redundancy.  ABA  B-J- 

74/00/00  74A35242 

NEW  DEVELOPMENT  IN  HIGH  RELIABILITY  STRAPDOWN  PLATFORMS  USING  TDF  SENSORS 
Tsuei,  Y.D.;  Hung,  J.C. 

(Tennessee,  University,  Knoxville,  Tenn.) 

In  Joint  Automatic  Control  Conference,  15th,  Austin,  Tex.,  June  18-21,  1974,  Proceedings.  (A74-35232  17-10)  New 
York,  American  Institute  of  Chemical  Engineers,  1974,  p.83-9l. 

New  development  in  tiigh  reliability  strapdown  navigation  platform  using  two-degree-of-freedom  sensors  and  redundancy 
concept  is  presented  in  this  paper.  The  development  is  based  on  the  assumption  that  each  axis  of  the  sensor  can  fail 
without  affecting  the  remaining  axis.  The  systems  reliability  is  investigated,  the  optimum  redundancy  configurations  are 
proposed,  a technique  of  sensor  perfonnance  management  is  developed  for  the  proposed  systems,  ABA  author. 

76/00/00  77A20655 

New  Frontiers  in  Aerospace  Navigation;  Proceedings  of  the  Bicentennial  National  Aerospace  Symposium,  Warminister, 

Pa.,  April  27,  28, 1976.  Symposium  sponsored  by  the  Institute  of  Navigation  and  US  Navy.  Washington,  D.C.,  Institute 
of  Navigation,  1976, 162p. 

The  present  collection  of  papers  is  concerned  with  advances  in  aerospace  navigation,  from  the  latest  aerospace  applica- 
tions of  celestial,  radio,  inertial  and  satellite  navigation  to  the  development  of  sophisticated  navigation  systems  such  as 
laser  gyros.  Featured  topics  include  improved  navigation  using  adaptive  Kalman  filtering,  navigation  for  sea-based 
remotely  piloted  vehicles,  ring  laser  gyro  strapdown  systems,  and  microwave  holographic  imaging  of  aircraft  with  space- 
borne  illuminating  source.  Additional  developments  in  software  will  further  improve  navigation  accuracy  in  terms  of 
prediction,  correction  and  more  complete  control  of  the  navigation  process.  Individual  items  are  announced  in  this 
issue.  ABAS.D. 


75/00/00  75A37623 

NAECON  '75;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  June  10-12,  1975. 
Conference  sponsored  by  the  Institute  of  Electrical  and  Electronics  Engineers.  New  York,  Institute  of  Electrical  and 
Electronics  Engineers,  Inc.,  1975, 768  p. 

Papers  are  presented  dealing  with  advances  in  electronic  components,  hardware,  software,  and  systems  for  a wide  variety 
of  applications,  including  communications,  radar,  weapon  systems,  avionics,  electrooptical  imaging,  satellite  and  radio 
navigation,  cybernetic  systems,  and  environmental  measurements  and  data  processing.  Some  of  the  topics  covered 
include  a wideband  data  link  computer  simulation  model,  optimal  linear  tracking  of  vehicles  with  uncertain  system 
models,  a multimegawatt  fitel  cell  power  system,  design  of  a modular  avionic  processor,  the  blue-spot  electrooptical 
sonsor/laser,  and  4-D  navigation  using  integrated  strapdown  inertial/differential  Loran.  Individual  items  are  announced 
in  this  issue.  ABAP.T.H. 


FOA-2-C-2674-E4  74/06/00  76N71450 

ON  ALGORITHMS  FOR  ATTITUDE  EVALUATION  IN  NAVIGATION  SYSTEMS  WITH  STRAPDOWN 

COMPONENTS 

Wolff,  P. 

Research  Inst,  of  National  Defence,  Stockholm  (Sweden) 


76/03/00  76A26389 

ON  THE  CONVERGENCE  OF  ITERATIVE  ORTHOGONALIZATION  PROCESSES 
Bar-Itzhack,  I.Y.;  Meyer,  J. 

(Technion  - Israel  Institute  of  Technology,  Haifa,  Israel) 

IEEE  Transactions  on  Aerospace  and  Electronic  Systems,  Vol.  AES-1 2,  March  1976,  p.  146-1 5 1 

It  is  necessary  in  many  aerospace  systems  (e.g.,  strapdown  inertial  guidance)  to  periodically  transform  vectors  from  a 
rotating  Cartesian  coordinate  system  to  a reference  Cartesian  system.  But  since  the  corresponding  computational 
algorithm  is  not  perfect  the  resultant  transformation  matrix  is  often  not  orthogonal.  An  orthogonalization  proce.ss  is 
used  to  obtain  an  estimate  of  the  correct  orthogonal  transformation  matrix  in  order  to  correct  the  nonorthogonality 
error  of  the  matrix.  Polar  decomposition  of  matrices  is  used  to  study  the  convergence  properties  of  this  iterative  ortho- 
gonaUzation  process.  In  applying  this  decomposition,  the  investigation  of  a general  iterative  process  of  a certain  form  can 
be  reduced  to  the  investigation  of  a scalar  iterative  process.  ABA  B.J. 

74/00/00  74A38589 

OPTIMAL  GYRO  MOUNTING  CONFIGURATIONS  FOR  A STRAPDOWN  SYSTEM 
Giardina,  C.R. 

(Singer  Co.,  Kearfott  Div.,  Little  Falls;  Fairleigh  Dickinson  University,  Rutherford,  N.J.) 

In  NAECON  ‘74;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  13-15,  1974. 
(A74-38517  19-09)'Mew  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1974,  p.584-591. 

New  gyro  mounting  procedures,  failure  detection,  isolation  and  data  reduction  techniques  have  been  determined  for  high 
reliable  redundant  strapdown  systems  utilizing  two  degree  of  freedom  (TDF)  gyros.  ABA  author. 

76/00/00  77A51193 

OPTIMAL  ORTHONORMALIZATION  OF  STRAPDOWN  GUIDANCE  SYSTEMS 
Bar-Itzhack,  I.Y. 

(Technion  - Israel  Institute  of  Technology,  Haifa,  Israel) 

In  Position  Location  and  Navigation  Symposium,  San  Diego,  Calif.,  November  1-3,  1976,  Proceedings.  (A77-51 178 
24-04)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1976,  p.  122-1 27. 

The  requirement  for  orthonormalization  of  the  direction  cosine  matrix  (DCM)  in  strapdown  guidance  systems  is  explained. 
The  orthonormalization  problem  is  formulated  in  mathematical  terms  and  a closed  form  solution  is  given  in  two  equiva- 
lent forms.  Three  iterative  processes  to  compute  this  matrix  are  introduced  in  order  to  alleviate  the  problem  of 
computing  square  roots  of  matrices  needed  for  the  closed  form  solution.  Using  polar  decomposition  of  matrices  the  con- 
vergence rate  and  range  of  the  iterative  processes  are  investigated.  Finally,  the  computational  effort  required  for  the 
implementation  of  the  iterative  processes  is  examined  theoretically  and  empirically.  It  is  concluded  that  the  ‘dual  process’ 
is  superior  and  should  be  used  whenever  the  DCM  is  computed  directly.  ABA  author. 

77/04/00  77A32943 

PERFORMANCE  OF  A FRENCH  AIRBORNE  OMEGA  RECEIVER  AND  OUTLOOK  FOR  ITS  USE 
Kergoat,  H. 

(Secretariat  General  a I’Aviation  Civile,  Service  Technique  de  la  Navigation  Aerienne,  Paris,  France) 

Navigation  (Paris),  Vol.2S,  April  1977,  p.167-174.  In  French. 

Results  of  flight  tests  and  ground  tests  on  a French  airborne  automatic  Omega  receiver  are  described.  A novel  phase 
correction  technique  offers  the  user  improved  protection  against  propagation  anomalies  (including  SID  and  polar  cap 
absorption  fadeout  problems),  and  more  compact  memory  space.  A possible  future  for  the  Crouzet-Sercel  Omega  receiver 
described  in  civil  aviation  applications  is  envisaged,  in  view  of  the  attitude  (vertical,  heading)  information  it  can  furnish, 
and  its  strapdown  inertial  performance.  ABA  R.D.V. 

AIAA ’7-1039  77/00/00  77A4275S 

PERFORMANCE  TESTS  OF  TWO  PRECISION  ATTITUDE  DETERMINATION  SYSTEMS 
McAloon,  K.J.;  Farrenkopf,  R.L;  Belsky,  F.J.;  Mann,  R.J. 

(TRW  Defense  and  Space  Systems  Group,  Redondo  Beach,  Calif.) 

TRW  Defense  and  Space  Systems  Group,  Redondo  Beach,  Calif.  In  Guidance  and  Control  Conference,  Hollywood,  Fla., 
August  8-10,  1977,  Technical  Papers.  (A77-42751  20-35)  New  York,  American  Institute  of  Aeronautics  and 
Astronautics,  Inc.,  1977,  p.24-32. 

Results  of  laboratory  performance  tests  of  two  satellite  attitude  determination  systems  are  given.  One  system  employed 
a strapdown  star  tracker  and  gyro  assembly,  the  other  a single  axis,  gimballed  star  tracker  and  a gyro  assembly.  The 
laboratory  tests  simulated  those  orbit  conditions  which  would  be  experienced  on  a three  axis  stabilized,  earth  pointed 
satellite  in  geosynchronous  orbit.  A ground-fixed  laboratory  test  was  performed  in  which  system  axes  remained 
stationary  in  the  laboratory  coordinates  while  revolving  star  beams  stimulated  the  star  trackers.  The  laboratory  instru- 
mentation techniques  used  to  meet  the  stringent  accuracy  requirements  arc  described.  Results  are  presented  which  show 
both  systems  met  the  performance  goal  of  3.6  arc  seconds.  Comparative  analyses  of  both  systems  are  also  discussed. 

ABA  author. 


75/05/00  75A36239 

PLATFORM  ALIGNMENT  USING  A STRAPDOWN  STELLAR  SENSOR 
Nash.J.M.;  Wells,  G.R. 

(Logicon,  Inc.,  San  Pedro,  Calif.) 

AIAA  Journal,  Vol.l3,  May  1975,  p.659-664. 

This  paper  examines  the  use  of  a body-mounted  stellar-sighting  device  to  align  an  aerospace  vehicle’s  gimballed  inertial 
measurement  unit.  The  fundamental  observability  of  not  only  platform  misalignments  but  also  time-invariant  sensor- 
mounting errors  is  demonstrated.  The  performance  of  an  inflight  estimation  algorithm  is  shown  to  be  a function  of 
several  environmental  and  navigation  hardware  parameters  as  well  as  the  characteristics  of  the  sighting  device  itself.  Para- 
metric case  studies  are  presented  for  a sample  system.  ABA  author. 

77/05/00  77 A3  5839 

PRACTICAL  COMPARISON  OF  ITERATIVE  MATRIX  ORTHOGONALIZATION  ALGORITHMS 
Meyer,  J.;  Bar-Itzhack,  I.Y. 

(Technion  - Israel  Institute  of  Technology,  Haifa,  Israel) 

IEEE  Transactions  on  Aerospace  and  Electronic  Systems,  Vol.  AES-13,  May  1977,  p.230-235. 

ITiree  promising  algorithms  fororthogonalizing  the  direction  cosine  matrix  employed  in  strapdown  inertial  navigation  and 
similar  arrangements  to  describe  the  rotation  of  a coordinate  system  relative  to  a reference  coordinate  system  are  intro- 
duced; convergence  rate  and  range  of  the  algorithms  were  investigated.  The  variant  dubbed  dual  algorithm  is  found  far 
superior  to  the  other  two  in  speed,  computer  memory,  accuracy,  and  convergence  rate.  ABA  R.D.V. 

75/00/00  75A37204 

PRECISION  ON-BOARD  ATTITUDE  REFERENCE  USING  THE  GENERALIZED  INVERSE 
McElroy,  T.T.;  Iwens,  R.P. 

(TRW  Systems  Group,  Redondo  Beach,  Calif.) 

In  Annual  Allerton  Conference  on  Circuit  and  System  Theory,  12th,  Monticello,  111.,  October  2-4,  1974,  Proceedings. 
(A75-37201  17-63)  Urbana,  111.,  University  of  Illinois,  1975,  p.180-184. 

A sequential  estimation  algorithm  is  presented  for  spacecraft  attitude  determination  using  the  generalized  inverse  (pseudo- 
inverse). Relative  to  the  Kalman  filter,  computational  requirements  are  significantly  reduced.  The  sensors  used  are  a 
three-axis  strapdown  gyro  package  and  strapdown  star  trackers.  Digital  simulation  in  conjunction  with  a truth  model  is 
employed  to  evaluate  performance,  indicating  three-axis  accuracy  better  than  30  arc  seconds.  ABA  author. 

67/00/00  77A37415 

PRECISION  POINTING  USING  STRAPDOWN  GYRO  TECHNIQUES 
Gilmore,).;  Bukow.G. 

(Charles  Stark  Draper  Laboratory,  Inc.,  Cambridge,  Mass.) 

In  NAECON  ‘76;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  18-20,  1976. 
(A77-37352  17-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1976,  p.479-488. 

This  paper  presents  a mechanization  for  the  maintenance  of  an  inertially  referenced  pointing  system  line-of-sight.  The 
approach  presented  utilizes  a wide  bandwidth  strapdown  gyro  package  mounted  to  the  line-of-sight  control  member. 

The  strapdown  package  is  uniquely  suited  for  pointing  applications  requiring  high  resolution  angle  measurement  over  a 
wide  dynamic  range.  The  gyro  also  can  provide  inertial  rate  sensing  and  control  for  the  pointing  system.  Illustrative 
data  is  presented  showing  arcsecond  measurement  accuracy  over  large  angle  rotations  at  high  rates.  Field  site  test  results 
on  a 48-in  optical  telescope  are  also  presented  indicating  wide  band  low-noise  gyro  sensing  capability  and  its  applicability 
for  pointing,  stabilization,  and  tracking  control.  ABA  author. 

77/00/00  77A39519 

PROJECT  WORK  ON  A STRIKE  RPV 
Spintzyk,  J. 

Dornier-Post  (English  Edition),  No.2,  1977,  p.26-29. 

A proposal  for  a highly  cost-effective  strike  RPV  with  high  deterrent  value  Is  outlined.  The  RPV  is  intended  for  launch 
from  rear  fields  for  sorties  against  previously  reconnoitred  mobile  or  fixed  targets.  Both  outward  and  return  flight  are 
pre-programmed  and  take  place  near  the  ground  at  high  speeds.  Low-level  bombing  is  carried  out  without  terminal 
guidance.  Landing  is  automatic.  A hybrid  navigation  system,  with  a strapdown  inertial  system  for  air-derived  navigation, 
is  under  consideration.  A configuration  with  fuselage-stored  weapons  and  external  engines  appears  suitable.  ABA  C.K.D, 

75/00/00  76A23145 

PROPAGATING  RESPONSES  OF  LINEAR  SYSTEMS  INVOLVING  NOISY,  TIME-DEPENDENT  DYNAMICS 
Bowles,  W.M.;  Sebesta,  H.R. 

(Oklahoma  State  University,  Stillwater,  Okla.) 

In  Modeling  and  Simulation.  Volume  6 - Proceedings  of  the  Sixth  Annual  Pittsburgh  Conference,  Pittsburgh,  Pa., 

April  24, 25,  1975.  Part  1.  (A76-231 10  09-59)  Pittsburgh,  Pa.,  Instrument  Society  of  America,  1975,  p.51I-51S. 

The  employment  of  two  approaches  in  the  study  of  the  responses  of  time-varying,  linear,  vectomatrix  differential 


equations  of  a given  form  is  considered,  taking  into  account  Galerkin’s  technique  and  a commutative  algorithm.  It  is 
found  that  Galerkin’s  method  may  be  used  to  develop  accurate  propagation  algorithms  with  low  sensitivity  to  high 
frequency  noise.  The  commutative  methods  provide  generally  more  computationally  efficient  algorithms.  ABA  G.R. 

7.3/11/00  74A 19402 

PROPAGATION  AND  SYSTEM  ACCURACY  IMPACT  OF  MAJOR  SENSOR  ERRORS  ON  A STRAPDOWN 
AIRCRAFT  NAVIGATOR 
Stambaugh,  J.S. 

(Singer  Kearfott  Research  Center,  Little  Falls,  N.J.) 

IEEE  Transactions  on  Aerospace  and  Electronic  Systems,  Vol.  AES-9,  November  1973,  p.838-846. 

A strapdown  system  is  considered  as  an  unaided  inertial  navigator  aboard  an  aircraft.  Presented  here  are  simulation 
results  detailing  the  propagation  of  navigation  errors  (in  nautical  miles)  due  to  strapdown  sensor  errors  for  four  tr^’ec- 
tories.  They  indicate  the  type  of  performance  that  can  be  expected  from  a strapdown  system  utilizing  good  off  the  shelf 
gyros  and  accelerometers,  and  dramatically  illustrate  the  improvements  necessary  in  these  components  to  obtain  naviga- 
tion performance  comparable  to  that  available  from  a good  gimballed  inertial  system.  The  total  navigation  error  for  each 
trajectory  is  broken  down  to  show  the  contribution  from  each  of  the  various  error  sources.  This  breakdown  quickly 
reveals  which  are  the  critical  error  sources  for  a given  tr^ectory  class,  and  also  points  up  the  relationship  that  exists 
between  each  individual  error  source,  aircraft  maneuvers,  and  the  resulting  navigation  error.  ABA  author. 


NASA-CR-86198-(DEL)TRW-07398-6027-RO-00-(DEL)  68/11/00  74N70335 

RADIO/OPTICAL/STRAPDOWN  INERTIAL  GUIDANCE  STUDY  FOR  ADVANCED  KICK  STAGE  APPLICATIONS. 
VOLUME  2:  DETAILED  STUDY  RESULTS  (TASKS  3 AND  4).  PART  2:  PRELIMINARY  MODULAR  DESIGN 
(DEL.) 

TRW  Systems  Group,  Redondo  Beach,  Calif. 

NASA-CR- 140328  E-2398  69/06/00  7SN70026 

REAL-TIME  STRAPDOWN-ATTITUDE  PACKAGE  EVALUATIONS 
Gilmore,  J.P.;  McKern,  R.A.:  Swanson,  D.W. 

Massachusetts  Inst,  of  Tech.,  Cambridge.  (Instrumentation  Lab.) 

Presented  at  AIAA  Guidance,  Control  and  Flight  Mech.  Conf.,  Princeton,  N.J.,  August  1969. 

75/00/00  76A11840 

RECENT  ADVANCES  IN  STRAPDOWN  INERTIAL  NAVIGATION 
Napjus,  G.A. 

(Teledyne  Systems  Co.,  Northridgo,  Calif.) 

Teledyno  Systems  Co.,  Northridgo,  Calif.  In  Intercon  75;  International  Convention  and  Exposition,  New  York.  N.Y., 
April  8 10, 1975,  Conference  Record.  (A76-1 182602-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers, 
Inc.,  I975.P,  1 35/1-5  35/1. 

The  computational  requirements  and  basic  features  of  straixlown  gyroscopes  for  inertial  navigation  are  discussed.  Strap- 
down  navigators  currently  require  20  to  50%  of  ttie  available  time  of  a minicomputer  with  a capability  of  several  hundred 
tliousand  operations  per  second;  memory  requirements  are  2000  to  3000  16-bit  words.  A system  in  which  thate  compu- 
tational demands  are  met  by  three  limited  capability  microcomputers  is  descril)«d.  A technique  ising  dedicated  micro- 
processors in  tlie  place  of  analog  electronics  in  the  gyroscope  control  loops  is  discussed,  and  attention  is  given  to  applica- 
tions of  microprocessor  tectinoiogy  in  redundant  strapdown  navigation  systenu  and  associated  flight  control  systems. 
ABA  C.K.D. 

AIAA  Paper  73-898  73/08/00  73A38833 

RECENT  TEST  RESULTS  A STRAPDOWN  IMU  Ul’IUZING  HYDRODYNAMIC  SPIN  BEARING  RATE  SENSORS 
AND  PULSE  REBLANCE  LOOPS 
Diesoiman,J.;  McNeil,  J.;  Callahan,  J. 

(Northrop  Corp.,  Precision  Products  Dept.,  Norwood,  Mass.) 

American  Institute  of  Aeronautics  and  Astronautics,  Guidance  and  Control  Conference,  Key  Biscayne,  Fla,,  August 
20-22.1973,  lOp. 

AIAA  Paper  73-852  73/08/00  73A4I969 

REDUNDANCY  MANAGEMENT  OF  INERTIAL  SYSTEMS 
McKern,  R.A.;  Musoff,  H. 

(MIT,  Cambridge,  Mass.) 

American  Institute  of  Aeronautics  and  Astronautics,  Guidance  and  Control  Conference,  Key  Biscayne.  Fla.,  August 
20-  22. 1973,  lip. 

Tiio  paper  reviews  developments  in  failure  detection  and  isolation  tecimiques  applicable  to  gimballed  and  strapdown 
systems.  It  examines  basic  redundancy  management  goals  of  improved  reliability,  performance  and  logistic  cosu.  and 
explores  mechanizations  available  for  both  input  and  output  data  handling.  The  meaning  of  redundant  system  reliability 
in  terms  of  available  coverage,  system  MTBF,  and  mission  time  is  presented  and  the  practical  hardware  perfotmance 


limitations  of  failure  detection  and  isolation  techniques  are  explored.  Simulation  results  are  presented  illustrating  imple- 
mentation coverages  attainable  considering  IMU  performance  models  and  mission  detection  threshold  requirements. 

The  implications  of  a complete  GN  &C  redundancy  management  method  on  inertial  techniques  are  also  explored. 

ABA  author. 


AIAA  77-1 109  77/00/00  77A42808 

REDUNDANT  INTEGRATED  FLIGHT  CONTROL/NAVIGATION  INERTIAL  SENSOR  COMPLEX 
Ebner,  R.E.;  Mark,  J.G. 

(Litton  Systems,  Inc.,  Woodland  Hills,  Calif.) 

Litton  Systems,  Inc.,  Woodland  Hills,  Calif.  In  Guidance  and  Control  Conference,  Hollywood,  Fla.,  August  8-10,  1977, 
Technic^  Papers,  (A77-4275 1 20-35)  New  York,  American  Institute  of  Aeronautics  and  Astronautics,  Inc.,  1977, 
p.503-511. 

A redundant  strapdown  inertial  navigation  system  for  integrated  flight  control/navigation  use  is  described.  Design  of  the 
system,  which  consists  of  four  tuned-^mbal  gyros,  eight  accelerometers,  and  four  processors,  is  discussed,  with  emphasis 
on  its  compact  configuration  (13  by  13  by  14  in),  based  on  symmetry  properties  of  an  octahedron.  A matrix  operator 
for  least-squares  combination  of  data  from  an  arbitrary  number  of  two-degrce-of-fieedom  gyros  is  derived,  and  general 
parity  equations  for  error  analysis  are  given.  Self-contained  detection  and  isolation  of  a two-axis  gyro  failure  is 
considered:  system  failure  probability,  which  depends  on  component  failure  rates  and  self-correction  capacities,  is 
analyzed.  Test  data,  including  typical  parity  equation  responses  during  motion  and  simulated  gyro  and  accelerometer 
failures,  are  also  presented.  ABA  J.M.B. 


76/00/00  77AS1191 

REDUNDANT  CAROUSEL  STRAPDOWN  GUIDANCE  SYSTEM 
Oshika,  E.M.;  Parziale,  A.J. 

(General  Motors  Corp.,  Goleta,  Calif.) 

In  Position  Location  and  Navigation  Symposium,  San  Diego,  Calif.,  November  1 --3,  1976,  Proceedings.  (A77-51 178 
24-04)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1976,  p.106-1  IS. 

This  paper  describes  the  design  principles  applied  to  obtain  a highly  reliable,  low  cost  navigation  system  with  unique 
performance  features.  n»e  redundant  Carousel  strapdown  system  uses  proven  components  in  a novel  configuration  to 
obtain  significant  performance  increases.  TIte  benefits  of  low  cost  and  itigh  component  reliability  are  obtained  by  using 
components  derived  from  parts  in  volume  production  for  the  Carousel  IV  airerafi  navigator.  Carousle  V (USGS)  space 
navigator  and  the  F-16  fire  control  computer.  On  the  system  level,  inrproved  reliability  and  navigation  accuracy  are 
obtained  by  using  a redundant  configuration  that  aliows  the  advantages  of  tite  Carottsel  tectmique  to  he  appiied  to  alt  of 
the  navigation  sensors.  The  configuration  results  in  the  practical  eleminalion  of  attitude  drift  during  free  fall  space  fii^t, 
while  maintaining  the  accurate  self-aiigninenl  features  of  the  USGS  space  navigator.  The  combination  of  redtindant 
settsors  witli  tiie  Carousel  toclmique  also  results  in  a simpie  and  unique  failure  detection  procedure  to  isolate  subsystem 
failures.  ABA  author. 


76./00/Q0  76A47228 

REDUNDAN^r  STRAPDOWN  USER  GYRO  NAVIGATION  SYSlTiM 
MeWrerson.  B.W  ; Walls.  B.F.;  White.  J.B. 

(IBM  Corp.,  Huntsville,  Ala.):  (NASA.  Marshail  Space  Right  Center.  Huntsville.  Ala.) 

international  Business  Macidnes  Corp.,  Huntsville,  Ala.:  National  Aeronautics  and  Space  Adminstralion.  Marshall  Space 
Rij^it  Center,  Huntsville,  Ala.  In  Engineering  in  a dunging  Economy:  Proceedings  of  the  Southeast  Region  3 Conference, 
demson,  S.(’.,  April  S 7, 1976,  <A76>47301  24-99)  New  York,  liutitutc  of  Electrical  and  Eltictronics  Engineers,  Inc., 
l976,p.224-226. 

For  the  last  several  years,  NASA  has  pursued  the  development  of  low-cost  high-roliahitity  inertial  navigation  syslenu  that 
would  satisfy  a broad  spectrum  of  fiiture  space  and  avionics  missions.  IVo  sitccific  programs  have  culminated  in  the 
construction  of  a redundant  strapdown  laser  gyro  navigation  system.  Iliese  two  progratns  were  for  development  of  a 
space  uUrareliabic  modular  computer  (SUMC)  and  a redundant  laser  gyro  inertial  measurement  unit  (tMUi.  The  SUMC  is 
a digital  computer  that  employs  itaic-oMho-art  large-scale  integrated  circuits  configured  in  a fiinctional  modular  break- 
down. TIte  redundant  laser  gyro  IMU  is  a six-pack  strapdown  sensor  package  in  a dodecahedton  configuration  whicli  uses 
six  laser  gyros  to  provide  incremental  angular  positions  and  six  acccleromcten  for  linear  v-clocity  outputs.  Ihc  smtsor 
arrangement  allows  automatic  accommodation  of  two  failures:  a third  failure  can  l>e  tolerated  provided  it  can  be  dctc^ 
mined.  The  navigation  system  also  includes  redundant  imwer  supplies,  built-in  test-equipment  (BITE)  ctnmits  for  failure 
detection,  and  sonwaie  which  provides  for  navigation,  redundancy  rnanagemimt,  and  automatic  calibration  and  atigmnent 
ABA  author. 

AIAA  Paper  74-893  77/08/00  74A37874 

RETROACTIVE  FAILURE  tX)RRECTION  FOR  STRAPDOWN  REDUNDANT  INERTIAL  INSIRUMEN TS 
Wilcox.  J.C. 

(TRW  Systems  Group,  Redondo  Beach , Calif.) 

American  liutilute  of  Aeronautics  and  Aitfonautics,  Mcclumics  and  Control  of  Plight  Conrcreoce,  Anehcim,  Calif., 

August  5-9.*l974, 7p. 


An  algorithm  is  derived  that  eliminates  the  errors  that  build  up  in  a redundant  strapdown  inertial  navigator  between  the 
time  that  a soft  failure  occurs  and  the  time  that  it  is  isolated  and  the  failed  instrument  taker;  off-line.  (Hard  failures  are 
isolated  before  any  erroneous  data  is  used,  by  definition.)  Although  the  algorithm  is  presented  for  the  dodecahedron 
configuration  as  an  example,  it  is  applicable  to  any  redundant  system  which  uses  least  squares  to  combine  the  outputs  of 
the  unfailed  instruments.  Since  only  soft  failures  need  be  retroactively  corrected,  the  errors  iiivolved  are  small  and 
linearization  can  be  used  to  reduce  the  data  storage;  and  computational  requirements.  ABA  author. 

73/00/00  73A38057 

SENSOR  CONCEPT  AND  ALGORITHMS  FOR  A COMPLETELY  STRAPDOWN  AUTONOMOUS  NAVIGATION 

APPROACH 

Kau,  S.P.;  Paulson,  D.C. 

(Honeywell,  Inc.,  Aerospace  Div.,  St  Petersburg,  Fla.) 

In  Joint  Automatic  Control  Conference,  14th,  Columbus,  Ohio,  June  20-22, 1973,  Preprints  of  Technical  Papers. 
(A73-38028  19-10)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1973,  p.643, 644. 

NASA-CR-147679  KEPT ■0872-1 1055-VOL-I  72/10/06  76N7S141 

SPACE  SHUTTLE  STRAPDOWN  INERTIAL  MEASURING  UNIT  PROGRAM  ANALYSIS.  VOLUME  1 : MANAGE- 
MENT SUMMARY 

Honeywell,  Inc.,  St  Petersburg,  Fla.  (Aerospace  Div.) 

NASA-CR-147680REPT-0872-110S5-VOL-2  72/10/06  76N7S142 

SPACE  SHUTTLE  STRAPDOWN  INERTIAL  MEASURING  UNIT  PROGRAM  ANALYSIS.  VOLUME  2:  TECHNICAL 
Honeywell,  Inc.,  St  Petersburg,  Fla. 

AAS  Paper  75-144  75/08/00  76A12790 

SPACE  TUG  LASER  GYRO  IMU 
Morrison,  R.;  Walls,  B. 

(Sperry  Rand  Corp.,  Sperry  Gyroscope,  Great  Keck,  N.Y.):  (NASA,  Marshall  Space  Flight  Center,  Huntsville,  Ala.) 
National  Aeronautics  and  Space  Administration.  Marshall  Space  Flight  Center,  Huntsville,  Ala.;  Sperry  Rand  Corp., 

Great  Neck,  N.Y.  AAS,  AIAA,  IEEE,  ORSA,  and  IMS.  Meeting  on  Space  Shuttle  Missions  of  the  80's,  Denver,  Colo., 
August  i6-28.  l975.AAS20p. 

A redundant  inertial  measuring  unit  (IMU)  incorporating  six  strapdown  laser  gyros  and  six  acceieroineters.  arranged  so 
that  sensitive  axes  are  normal  to  (he  faces  of  a dodecahedron,  provides  enhanced  reliability  with  reduced  hardware  weight. 
Software  monitoring  of  sensor  outputs  semes  failure  of  sensors  and  the  system  is  dcsifned  for  triple  redundancy,  with 
built-in  test  equipment.  Attention  is  centered  on  redundancy  and  fail-safe  features,  and  on  the  clmed-path  ring  ta^ 
gyro  arrangement.  ABA  R.D.V. 

73/03/00  73A369SS 

STRAP-DOWN  INERTIAL  GUIDANCE:  SYSlTiMS  STUDY 
Fontana,  R.B. 

(Offldnc  Galileo  S.P.A..  norcnce.  Italy) 

(NA  IX),  aGaRD,  Symposium  on  Inertial  Naviptlon  Compotisnu  and  Systetns,  l-torencc,  Italy,  October  2 S,  1972.) 
Revue  Scientifique  cl  Tcclmlque  Cceles/Cers.  Vol.S,  January  ^Marcl)  1973.  p.3S-37. 

Possible  Iftstrumentaiion  for  use  in  a strap-down  system  is  considered,  and  a pendulum  accelerometer  and  rate  integratiitg 
gyro  are  found  to  be  suitable.  Tltc  environmeniat  factors  are  determined,  and  the  resutlini;  imtrumentation  errors  we 
estimated.  Utese.  together  with  (he  estimates  of  digital  computation  errors,  are  used  to  find  Ute  tesultirtg  it\jec(ion  errors 
f<^  a typical  Europa  vetiicle  mission.  AHA  author. 

74/00/00  74 A3  8587 

STRA1‘IX)WN  AITIltIDE  AND  HEADING  KUI-'ERENCH  SYSTEM 
Donoghue,  P.J. 

(Lear  Sieglcr,  Inc.,  Grand  Rapids,  Midi.) 

In  N AECON  *74;  Proceedings  of  the  National  Aerospace  and  Etccitonics  Conference,  Dayton.  Ohio.  May  1 3 - 1 S,  1974. 
(A74-38SI7  19-09)  New  York,  Institute  of  Electrical  and  EtccUonics  Engineers,  Inc.,  1974.  p.SS6-S63. 

This  paper  presents  the  problem  formulation,  system  medets,  analysis  and  simulation  resntls  obtained  for  an  aided  strap- 
down  attitude  and  heading  reference  sysleni  utilizing  a Kalman  filler.  The  results  presented  provide  a baseline  of  adiicv- 
ablc  performance  for  an  aitiqiecd  and  compass  aided  tcfcteocc  system,  as  well  as  (lie  basis  for  predicting  conespon'Jing 
strapdown  navigator  perfomunce.  ABA  author. 

74/07/C0  74A37289 

STKAPDOWN  guidance  ERROR  ANALYSIS 
Mortensen,  K.E. 

(California,  University,  Los  Angeles,  Calif.) 

IEEE  Traiuaetiuns  on  Aerospace  and  Eleetronie  Systems,  Vol.  AES-10.  July  1974,  p.4St-4S7. 


A crucial  part  of  so-called  ‘strapdown’  techniques  for  inertial  guidance  systems  is  the  generation  of  the  matrix  of  direction 
cosines  relating  the  body  axes  to  the  reference  axes.  This  is  generally  done  by  direct  integration  of  a set  of  differential 
equations  having  the  body  angular  velocities  as  inputs.  This  paper  is  devoted  to  an  error  analysis  of  two  commonly  used 
integration  schemes,  namely,  direction  cosines  and  quaternions.  Scale,  skew,  and  drift  errors  are  defined,  and  the  suscepti- 
bility of  the  integration  schemes  to  these  types  of  error  is  examined.  It  is  concluded  that  the  quaternion  scheme  offers 
an  advantage  because  it  intrinsically  yields  zero  skew  error.  The  paper  is  presented  in  two  parts,  for  convenience. 

ABA  author. 

77/00/00  77A40782 

STRAPDOWN  INERTIAL  NAVIGATION  - THE  GYROSCOPE  CHALLENGE 
Harris,  D.G. 

(Marconi-Elliott  Avionic  Systems,  Ltd.,  Rochester,  England) 

In  Applications  of  Modern  Gyro  Technology;  Proceedings  of  the  Symposium,  London,  England,  January  12,  1977. 
(A77-40776  19-17)  London.  Royal  Aeronautical  Society,  1977,  IS  p. 

The  development  of  inertial  navigation  technology  is  surveyed,  with  comparison  made  between  the  two  alternative 
systems,  gimballed  and  strapdown.  Aside  from  the  three  sensors,  the  three  gyro  stable  platform  used  in  gimballed  systems 
includes  electronic  equipment,  the  failure  of  which  is  frequently  an  error  source  in  the  system..  In  contrast,  strapdown 
devices  require  only  the  triad  of  sensors,  thus  reducing  failures  and  maintenance  problems.  To  implement  the  strapdown 
gyro  concept,  a high-performance  angular  sensor  is  needed,  providing  drift  stability  of  .01  degree  per  hour,  high  dynamic 
range,  and  ability  to  rapidly  stabilize  in  a wide  range  of  temperatures.  Four  candidates  for  strapdown  design  are  described 
single  degree  of  freedom  rate  integrating  gyros;  two  degree  of  freedom  ‘dry’  gyros:  electrostatically  suspended  gyros;  and 
ring  laser  gyros.  Advantages  of  the  ring  laser  system  are  emphasized,  including  economy,  simpler  manufacture,  easier 
handling,  and  much  improved  reliability,  design  programs  for  the  system  are  summarized,  among  them  development  of 
interface  circuits  between  sensors  and  computers,  and  development  of  computer  programs.  ABA  J.M.B. 

73/00/00  73A40036 

STRAPDOWN  INERTIAL  NAVIGATION  PRACTICAL  CONSIDERATIONS 
Halamandaris,  H. 

(Teledyne  Systems,  Co.,  Northridge.  Calif.) 

In  National  Aerospace  Meeting,  Washington,  D.C , March  13, 14, 1973,  Proceedings.  (A7340035  2 1 -ZD  Washington, 
D.C.,  Institute  of  Navigation,  1973,  p.M2. 

This  paper  delineates  a concept  of  strapdown  navigation  using  dry  inertial  instruments  and  a high  speed,  general  purpose 
digital  computer.  Distinct  life  cycle  cost  ailvantages  are  shown  for  both  support-to-acqusition  cost  and  cost-per-flying 
hour  for  the  strapdown  system.  Further,  the  strapdown  system  is  compared  to  gimhaled  systems  using  dry  Instruments 
characteristic  of  the  present  teclmology  and  floated  instrutnenis  employed  in  current  systems.  Several  redundant 
instrument  confliuratiuns  are  presented  with  their  attendant  relative  merits.  Tlte  strapdown  system  imposes  additional 
computer  constraints  since  the  attitude  matrix  must  he  propagated  in  real  time.  Primary  constraints  are  duty  cycle  and 
storage  requirements.  Two  basic  attitude  propagation  algorithms  are  presented.  Utese  two  meclusnizations  are  direction 
cosines  and  quaternions.  Implementation  consideratioiu  reflecting  service  rates  and  drift  errors  as  a flinction  of  integra- 
tion algorithm  ate  presented.  ABA  autitor. 

73/00/00  73A3S21I 

STRAPDOWN  INERTIAL  NAVIGAIION  PRAOTCAL  CONSIDERATIONS 
Halamandaris,  H. 

fl'elcdync  Systems  Co.,  Northridge.  Calif.) 

In  NAECON  73;  Proceedings  of  the  National  Acroi|iace  Electronics  Confcrerrcc,  Dayton,  Ohio.  May  14  -16, 1973. 
(A73-3S201  17-09)  New  York,  Instltotc  of  Eketrical  and  Electronics  Ertgineers.  Inc.,  1973.  p.82*9l . 

Hiis  pa)>er  delineates  a concept  of  strapdown  navigation  using  dry  itteriial  instrunumis  and  higlt  jqieed,  general  purpose 
digital  Computer.  Distinct  life  cycle  cost  advantages  arc  shown  for  both  nipport-ro-acquisition  cost  and  cost-per-flying 
hour  for  the  strapdown  system.  Further,  the  strapdown  system  is  comparnl  to  ^mhalcd  systems  using  dry  intlrumcnts 
characteristic  of  the  present  technology  and  floated  instrunrcnis  employed  in  current  systems.  Several  redundant  irtstru- 
menl  configurations  ate  presented  with  their  attendant  relative  merits.  The  strapdown  system  imposes  additlotul 
computer  constraints  since  the  attitude  matrix  must  be  propagated  in  real  time.  Primary  constraints  arc  duty  cycle  and 
storage  requirements.  Two  basic  attitude  propagation  algorithms  ate  presented,  ttiese  two  mechanizatioiu  are  direction 
cosines  and  quaternions.  ABA  author. 

73(04/00  73A26377 

STRAPDOWN  INERTIAL  SYSTEM  AUGNMENT  USING  STATISITCAL  FILTERS  - A SlMPUMED 
FORMULAITON 

Deyst,  J.J..  Jr;  Sutherland,  A.A.,  Jr 

(MIT,  Cambridge,  Mass.);  (Analytic  Sciences.  Cotp.,  Reading  Mass.) 

AIAA  Journal.  VoI.t  I,  April  1973.  p.4S2-4S6. 
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76/01/00  76A20779 

STRAPDOWN  MATRIX  ORTHOGONAUZATION  - THE  DUAL  ITERATIVE  ALGORITHM 
Bar'Itzhack,  I.Y.;  Meyer,  J.;  Fuhrmann,  P.A. 

(Technion  - Israel  Institute  of  Technology,  Haifa,  Israel);  (Negev,  University,  Beersheba,  Israel) 

IEEE  Transactions  on  Aerospace  and  Electronic  Systems,  Vol.  AES-1 2,  January  1976,  p.32-38. 

There  exist  several  algorithms  for  the  optimal  orthogonalization  of  the  direction  cosine  matrix  used  in  navigation,  control 
and  simulation.  One  of  these  recursive  algorithms  is  shown  to  be  derived  form  a dual  solution  to  the  optimal  orthogonali- 
zation problem.  The  duality  of  the  algorithm  is  demonstrated  and  its  convergence  properties  are  investigated.  Quadratic 
convergence  is  proven  and  the  condition  for  convergence  is  determined  and  illustrated  with  numerical  examples. 

ABA  author. 

AIAA  Paper  77-1 105  77/08/00  77A51619 

STRAPDOWN  NAVIGATION  TECHNOLOGY  - A LITERATURE  SURVEY 
Garg,  S.C.;  Morrow,  LD.;  Mamen,  R. 

(Toronto,  University,  Toronto,  Canada);  (SPAR  Aerospace  Products,  Ltd.,  Toronto,  Canada);  (Department  of 
Communications,  Ottawa,  Canada) 

American  Institute  of  Aeronautics  and  Astronautics,  Guidance  and  Control  Conference,  Hollywood,  Fla.,  August  8-10, 
1977, 18  p. 

This  paper  presents  the  results  of  a comprehensive  literature  survey  of  approximately  300  technical  papers  and  reports  on 
strapdown  navigation  technology.  It  provides  a genera!  survey  for  those  seeking  a source  of  references  and  an  overview 
of  the  entire  field.  The  paper  does  not  dwell  on  comparisons  between  strapdown  and  gimballed  systems.  Rather,  it  aims 
at  an  organized  and  coherent  summary  of  existing  work  on  strapdown  technology  by  reviewing  the  following  topics  basic 
terms  and  concepts,  strapdown  components,  analytical  aspects,  error  generation  and  propagation,  system  data  processing, 
reliability  enhancement  and  current  trends.  An  extensive  bibliography  is  Included.  ABA  author. 

N ASA-CRl  33055  TR- 147-1  70/01/31  73N72958 

STRAPDOWN  SENSOR  TESTS  AND  TEST  DATA  ANALYSIS 
Crawford,  B.S.  AV02ti075 

73/07/00  73 A3  7876 

STRAPPED  DOWN  INERTIAL  NAVIGATION  SYSTEMS 
ColUnson,  R.P.G. 

(Marconi-EIUott  Avionics  Systems.  Ltd..  Roclmter,  England) 

Journal  of  Navigation,  V0I.26,  July  I973.p.34l-3SI. 

The  basic  ingredients  of  these  naviptlon  systems  are  discussed,  cov-ering  velricle  orieittation  measurement  technit)Ut»,  Uu; 
Euler  angle  computer,  gyro  systems  and  latitude  and  longitude  computation  procedures.  Tlie  advantages  of  these 
systems  are  summarized  as  reliability,  simpler  temperature  control,  lower  power  consumption,  simplified  build  and 
commission  phase,  leduced  investment,  tower  grade  servicing  skills,  largely  solid  state  electronics,  tower  development 
costs,  size  and  weight  reduction  through  the  elimination  of  gimbalUng  system.  Ihgtn  control  with  Irody-referenced  data, 
and  economical  redundancy  for  failure  absorption.  Strapped  down  systems  are  clraracterized  as  a mgior  step  in  inertial 
navigation  tccbnology.elimbiating  the  complexity  of  gimbailing  systems  and  providing  the  m«iior  advantages  of  ipcaier 
reliability,  tower  costs,  lower  pow-er  consumption,  and  excellent  faiiure  absorption  clraractcr^ics.  ABA  V.2. 

NAL-TR-349  7S/1 1/00  76NbJ3S 

STUDY  ON  A WIDE  ANGLE  MINIAWRE INTEGRAIINC  GYRO  FOR  SITlAPDOWN  SYSTEM 
Otimki.M.:  Shingu,!!.:  Suzuki,  T.;  Enkyo,  S.;  Tabata.  J. 

National  Aerospace  Lab..  Tokyo  (Japan) 

77/00/00  78A15641 

SYSTEM  DESCRIPTION  AND  PERFORMANCE  OlARACTERISTICS  OF  A QUAD  REDUNDANT  STRAPDOWN 
INERTIAL  NAVIGAHON  AND  FUGin  CONTROL  SYSTEM 
Donoghue,  P.I. 

(Tctcdync  Systenui  Co.,  Northridge,  C'alif.) 

In  NAlKXJN  '77;  Proceedings  of  the  National  Aerospace  and  Electronics  Oenfcreftcc,  Dayton,  Ohio.  May  17  - 1 9, 1977. 
(A71HS5SI  04-33)  New  York.  Institute  of  Electrical  and  ^cctronics  Engineers,  Inc.,  1977,  p.767-774. 

Tltis  paper  describes  the  system  design  aitd  development  of  a tiuadruply  redundant  strapdown  inertial  infomalion  and 
computation  system.  This  system  was  developed  for  application  to  a digital  Oy-by-wirc  controlled  configuraiion  vehicle. 
Design  rationale  and  implemcnlation  of  the  sytem  ate  described  in  four  major  areas:  ( I ) sciuois,  (3)  digital  conveiston 
ledmkiuea  (3)  digital  computer  and  (4)  systems  impkmentation.  ABA  author. 


73/00/00  73A38058 

SYSTEM  ERROR  ANALYSIS  AND  ALGORITHMS  FOR  A STRAPDOWN  NAVIGATION  SYSTEM 
Nelson,  J.B.;  Lochrie.W.D. 

(McDonnel  Douglas  Astronautics  Co.,  St  Louis,  Mo.) 

In  Joint  Automatic  Control  Conference,  14th,  Columbus,  Ohio,  June  20-22,  1973,  Preprints  of  Technical  Papers. 
(A73-38028  19-10)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1973,  p.645, 646. 

77/00/00  78A 15604 

TACTICAL  GUIDANCE  REQUIREMENTS  FOR  STRAPDOWN  INERTIAL 
Mueller,  C.E.;  Phelps,  R.K.;  Scheidenhelm,  R. 

(Honeywell  Systems  and  Research  Center,  Minneapolis,  Minn.);  (Honeywell,  Inc.,  Defense  Systems  Div.,  Minneapolis, 
Minn.);  (Honeywell,  Inc.,  Avionics  Div.,  St  Petersburg,  Fla.) 

In  NAECON  ‘77;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  17  19,  1977. 
(A78'l  555 1 04-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1977,  P.433'440.  USAF-supported 
research. 

An  analysis  of  tactical  inertial  performance  requirements  for  three  strapdown  inertial  guidance  system  mechanizations  - 
pure  inertial,  RAC  aided  inertial,  and  GPS  aided  inertial  - is  described.  Cost-optimal  performance  requirements  are  deter- 
mined for  a family  of  powered  and  unpowered  guided  conventional  weapons.  Stochastic  sensor  error  modeling.  Velocity- 
matching transfer  alignment,  and  optimal  and  suboptimal  Kalman  filtering  are  also  discussed.  ABA  author. 

75/00/00  76A11S42 

TECHNIQUES  FOR  ACHIEVING  LOW  COST  STRAPDOWN  NAVIGATION 
Gilmore,  J.P.;  McKern,  R.A.;  Musoff,  H. 

(Charles  Stark  Draper  Laboratory,  Inc.,  Cambridge  Mass.) 

In  Intercon  75;  International  Convention  and  Exposition,  New  York,  N.Y.,  April  8-10,  1975,  Conference  Record. 

( A76-1 1826  02-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1975,  p.  1 35/3-4  35/3. 

Accurate,  reliable  and  less  vulnerable  radio  navigation  systems  (GPS.  Omega,  DME  and  Loran)  have  been  forecast  for  the  ‘ 
early  1980's.  This  radio  navigation  capability  permits  a reformation  of  the  INS  implementation  requirements  from  those 
of  stand-alone  navigation  to  that  of  high-bandwidth  aiding  of  the  radio  navigator.  Use  of  low  cost  strapdown  technology 
in  this  application  area  becomes  very  attractive.  Modularity  concepts  in  both  hardware  and  software  are  presented  a 
basis  for  achieving  such  a tow  cost  goal.  Tills  paper  presents  a detailed  system  concept  allowing  how  to  implement  a strap- 
down  system  in  the  higli-bandwidth  aiding  problem  and  how  to  integrate  all  of  the  conventional  inertial-avionics  »ib- 
systems  into  a unified  strapdown  system.  ABA  author. 

75/00/00  76AI0607 

TEST  EVALUATION  OF  A HIGH  PERFORMANCE  PULSP  REBALANCED  GYRO  mR  STRAPDOWN  IMU 
APPUCATIONS 

Bendett,  R.M.,  Kteiiie,  fl.D.;  Weinstein,  S.P.:  Zoinick,  D.A. 

(Bendix  Corp.,  Guidance  Systems  Div.,  Telerboro,  N.l.) 

in  National  Aerospace  Meeting,  Alamogordo,  N.  Mex..  May  1 2,  13,  1975,  Pr<Mwdings.  (A76*t0001  01-04)  Washington. 
D.C.,  Institute  of  Navigation,  1975,  p.32-42. 

The  paper  describes  the  results  of  tests  and  analytical  evaluation  of  the  64  permanent  magnet  rate  integrating  gyroscope 
(64  PM  RIG)  - an  inertial  grade  singie-degree-of-rreedom  sensor  containing  an  advanced  ceramic  hydrodynamic  gas 
bearing  wheel  assembly  driven  by  a synchronous  motor.  Ilie  sensor  is  operated  w'ith  bhtaty  pulse  rebala.ice  servo 
electronics  using  quantized  pulse  width  modulation  of  the  gyro  lorquing  signal.  Drift  rale  stability  tests  of  the  64 
RIG  sliowed  a bias  variability  over  a IS-hour  period  of  less  thsm  0.001  dqt/lir.  Results  are  also  given  for  rate  sensor  scale 
factor  litiearity  and  stability  and  on  output  axis  slew  compensation.  ABA  P.T.ti 

76/00/00  77A26942 

TTiSTlNG  OF  THE  LUNAR  EXCURSION  MODULE  ABORT  SENSOR  ASSEMBLY  AT  THE  CENTRAL  INERTIAL 
GUIDANCE  TEST  FACtLlTY/aGTf‘7 
Jaenke,  M.G.,  Ingotd,  N.L. 

(USAF,  Central  Inertial  Guidance  Test  Facility,  Holloman  AFT).  N.  Mcx.) 

In  The  Eagle  has  Relumed;  Proceedings  of  the  Dedication  Conference  of  the  International  ^ace  Hall  of  Fame. 
Alamogordo,  N.  Mex..  October  5 9.  1976.  (A77-26926  1 1-1 2)  San  Diego,  Calif..  American  Astronautical  Society; 
Unbelt,  Inc..  1976,  p.3l7-330. 

A strappcd-down  system,  the  abort  sensor  assembly  to  he  used  in  the  Apollo  pn^ram's  lunar  cxcurskm  module,  was 
tested  in  terms  of  its  suitability  for  two  areas  of  aptdieation:  missile  space  guidance  in  general,  and  guidance  of  a launch 
vehicle  during  the  boost  phase.  The  following  chaiacterislics  were  to  be  determined:  the  system's  error  coefficients,  the 
operational  suitability  of  the  system,  and  system  rvlUhitily.  1‘wo  types  of  tests  were  (serformed ; laboratory  tests  under 
slrieily  controlled  conditions,  and  operational  tests  simulating  essential  features  of  missile  launches  such  as  acoclerattont 
and  jerks  combined  with  realistic  vibration  levels.  ABA  BJ. 


74/00/00  76A16724 

THE  APPLICATION  OF  MICROPROCESSORS  TO  STRAPDOWN  INERTIAL  NAVIGATION 
Napjus,  G.A. 

(Teledyne  Systems  Co.,  Northridge,  Calif.) 

Teledyne  Systems  Co.,  Northridge,  Calif.  In  Microprocessors;  Workshop  on  Electronics,  Ecole  Polytechniqut  Federale  de 
Lausanne,  Lausanne,  Switzerland,  October  14-17, 1974,  Proceedings  (Microprocesseuis;  Journees  d’Electronique,  Ecole 
Poly  technique  Federale  de  Lausanne,  Switzerland,  October  14-17, 1974,  Comptes  Rendus).  Workshop  sponsored  by  the 
Association  Suisse  des  Electriciens,  Ecole  Polytechnique  Federale  de  Lausanne,  and  IEEE.  Lausanne,  Ecole  Poly  technique 
Federale  de  Lausanne,  1974,  p.38i-39I. 

The  paper  describes  the  nature  of  strapdown  navigators  and  the  computational  requirements  associated  with  them.  A 
current  system  design  is  then  described  in  which  three  limited-capability  microcomputers  perform  the  tasks  previously 
assigned  to  a powerful  minicomputer.  In  addition,  a technique  employing  dedicated  microprocessors  in  place  of  conven- 
tional analog  electronics  in  the  gyroscope  control  loops  is  discussed.  ABT  P.T.H. 

74/10/00  75A2666S 

THE  APPLICATION  OF  MICROPROCESSORS  TO  STRAPDOWN  INERTIAL  NAVIGATION 
Napjus,  G.A. 

(Teledyne  Systems  Co.,  Northridge,  Calif.) 

International  Conference  on  Microprocessors.  Lausanne.  Switzerland,  October  14  17,  1974,  Paper.  I2p. 

The  fundamental  concepts  of  inertial  navigation  are  briefly  exantined.  In  a strapdown  inertial  navigator  the  accelero- 
meters and  gyros  are  mounted  directly  on  the  vehicle  frame.  The  development  of  strapdown  systems,  which  have  impor- 
tant advantages  over  gimbal  systems,  has  been  mainly  retarded  by  the  computational  requirements  involved.  However, 
the  current  availability  of  suitable  minicomputers  combined  with  other  technological  advances  has  now  opened  the  way 
for  a more  widespread  use  of  strapdown  ineitia)  navigators.  ABA  G.R. 

WQOm  74A28129 

niE  DEVELOPMENT  OF  A STAR  POINTING  SYSmi  FOR  THE  SKYLARK  ROCKET 
Stincheombe.  P.F. 

(Marconi  Space  and  Defense  Systenw.  Ud,.  Frimloy.  England) 

In  Conference  on  Space  Optics,  4lh.  Marseille.  France,  November  b 8, 1973,  Proceedings.  (A74-28101  l2*l4)Paris. 
Centre  National  d’Etudes  Spaliales.  1973.  p.233-239. 

A three-asls  star-pointing  attitude  control  system  has  been  developetl  for  tlte  Skylark  sounding  rocket.  The  systetn 
carries  out  precision  inertial  ntaneuvers  urirtg  strapdown  gyros  from  an  initial  attitude  determined  by  the  moon  and 
ma^etic  vectors.  Ttie  area  of  sky  whicti  contains  the  target  star  is  scanned  by  a star  sensor  which  locates  the  brightest 
star  and  sulnequently  provides  error  sigttals  for  locking  the  veliiclc  onto  the  target  whiclt  may  be  r-S  magnitude.  Wltcte 
extreme  accuracy  is  requued,  within  plus  or  minus  1 arc  second,  (he  sensor  fomu  part  of  the  scientific  experiment. 

ABA  author. 

77/00/00  77A4O7S0 

THE  DYNAMICALLY  TUNED  G VROBC’OPE  A SENSOR  FOR  LOW  COST  ATTITUDE  REFERENCE  AND 
NAVIGATION  SYSTEM 
Bonneld.  D.G. 

(British  .Aircraft  Corp..  Ltd..  Stevenage.  Herts..  Englaixl) 

In  Applications  of  Modern  Gyro  Technology;  Proceedings  of  the  Symposium.  London.  England,  ianuary  1 2,  1977. 
(A7?4077^i  19-17)  London.  Royal  Aeronautical  Society.  1977.  40p. 

The  dyitatnically  tuned  gyrosco(ve  (DTG),  a (rue  two  axis  rotafron  sensor  comparahte  in  accuracy  to  floated  gyroscopes 
but  strutter  and  cheaper,  is  d<»crihcd.  Tire  history  of  the  Hookes  joint  gyroswne  is  sutnmatired.  and  the  advantages  of 
the  present  generation  of  devices  arc  listed,  including  tow  cost  of  acquisition  and  maintenance:  simplified  assembly, 
and  Irigti  shock  resistance.  Sources  and  control  of  errors  in  the  DTG  arc  considered,  among  them  angular  vibration 
('twice  spin  speed  serrsitivity'),  linear  vibration,  elastic  restraint,  and  sensTtivity  to  the  compliance  of  the  mounting  and 
the  support  structure.  Stability  tests  for  a prototype  DTG  suggest  ready  attainment  of  .02  degree  drift  pet  hour  in 
laboratory  conditions.  Problems  in  developing  strapdown  DTG  systems  arc  also  discussed,  including  handling  of  tvower 
dissipation  without  adverse  effects  on  gyro  performance.  In  concluision,  DTXls  arc  feaxibtc  alternatives  in  civil  and 
military  aircraft,  missites  and  other  applicatioits  requiring  low  co«t  equipment  and  low  drift  charactcrsstks.  ABA  I.M.B. 

77/00/00  77A40777 

THE  Ein  W OF  MODERN  TTiatKaLOCY  ON  GYROS 
Smith.  SO. 

(Royal  Aircraft  Estahlishnunt.  Farnborough,  Hants.,  tingland) 

Iti  Applications  of  Modem  Gyro  Technology;  Proceedings  of  t.Hc  SymiKwium.  London,  England.  January  1 2,  1977. 
(A77-4077<i  19-17)  London.  Royal  Aeronautical  Society.  1977, 14p. 

Emovaltoru  in  gyric«sco(>c  technology  from  1964  to  the  present  are  summariaed.  In  paitrcular,  the  introduction  of  digital 
computiog  to  supplant  analog  systems  allowed  for  automatic  gyro  testing,  and.  within  the  systems  themselvm,  permitted 


less  stringent  gyro  paraineteis,  since  mass  unbalance,  rotation  effects,  and  temperature  coefficients  to  the  scale  factor 
could  be  corrected  by  airborne  digital  computers.  The  development  of  strapdown  gyros  <i.e.,  those  mounted  directly  on 
the  airframe)  entailed  achievement  of  accuracy  in  high  dynamic  ranges.  In  the  sub-inertial  field  alternatives  to  ihc 
rotating  wheel  rate  sensor  have  been  produced,  including  the  dual  axis  rate  transducer  (DART),  the  gas  jet  sensor,  the 
vibrating  wire  sensor,  and  the  magnetohydrodynamic  sej.sor.  For  inertial  navigation,  the  US  has  relied  increasingly  on 
dynamically  tuned  gyros,  while  in  the  UiC  improvements  (e.g.,  substitution  of  gas  spin  bearings  for  ball  bearings)  and  cost 
reductions  have  kept  the  single  degree  of  freedom,  floate-i  gyre  .dominant.  Also  mentioned  are  dynamically  tuned  free- 
rotor  gyros,  electrostatically-supported  gyros.  <i  ig  iisar  gyros,  and  nuclear  magnetic  resonance  gyros.  ABA  J.M.B. 


NASA-CR-140327  E-2392  69/06/00  75N74041 

THE  GYROSCOPE  IN  TORQUE-TO-BALANCE  STRAPDOWN  APPUCATION 

Gilmore,  J.P.;  Feldman,  J. 

.Massacdiusetts  lust,  of  Tech.,  Cambridge.  (Instrumentation  Lab.) 

Presented  at  AIAA  Guidance,  Contiol  and  Flight  Mech  Conf.,  Princeton,  N.J.,  August  1969. 

73/06/00  73A40025 

THE  IMPACT  OF  SPACE  NAVIGATION  ON  THE  SPHERICAL  GAS  BEARING  GYRO 
Drew,  T.  A. 

(Rockwell  International  Corp..  Autonetics  Div..  Anaheim,  Calif.) 

Institute  of  Navigation,  Annua)  Meeting.  29th,  St  Louis,  Mo.,  June  19  -21,  1973,  Paper,  lip. 

Results  of  a detailed  program  to  evaluate  the  .spherical  gas  bearing  gyro  with  respect  to  the  demanding  requirements  of 
satellite  navigation.  The  goal  of  the  research  activity  was  to  take  the  current  platform  type  spherical  gas  faring  gyro  and. 
by  modifying  the  totor  and  torquer  only  slightly  to  minim(/.e  the  possible  loss  of  demonstrated  reliability,  achieve  the 
higher  torquing  rate  required  for  strapdown  implementation.  The  resulting  strapdown  gyro  was  evaluated  for  its  perfor- 
mance capability  relative  to  space  application.  The  investigation  was  directed  in  »wo  areas  one  was  the  gyro's  eompati- 
bUlly  with  space  applicable  environments  and  the  sectMtd  was  the  evaluation  of  the  gyro's  perfornutnee  in  a strapdown 
mode.  Highly  satisfactufy  results  were  achieved  for  three  space  applicable  etoironments  j.e..  lottg-tew.  vacuum 
exposure  ( 362  da>  s).  sterUhtation  exposure  ( 1 33  C for  96  hr),  and  aero-G  power  eharsc  iciUiiK,  ASA  author. 

AJAA  Paper  74-926  74/G-3/00  t4A3790! 

I HE  DELTA  LAUNCH  VEHtC  LE  GUIDANCE  AND  NAVIGAITON  RVoTEM 
Dhuyveltet.  H.J- 

(McDonne)  Douglas  Astronautics  Co*.  Huntington  Ssiwh.  Calif,) 

American  institute  of  AerosautUs  and  Astronautics,  Mechanics  a#»d  Cottirol  of  FB^t  tJeurferenee.  Attalieitn.  Calif., 

August  5-9, 1974. 1 i p. 

Tlte  delta  inertial  gwidante  system  (OIOS),  which  » arr  operaiiaaahy  proven  versatile  systrm,  is  described.  The  different 
vehicle  configurations  and  mission  dcflnitiotis  fiown  with  DIOS  over  a per.^  of  sppnsxlmatety  two  years  arvf  indicated. 
Prom  a shniNicity  standpoint,  the  DK»S  provides  for  all  fii^t-su^  and  sriOaitd-stnjs?  guidance,  control,  ani  vchklc 
sequencing  functions  using  a minima)  set  of  hardware,  Titls  Uaritware  conskls  of  a sttafsdow'tt  inertial  measuring  unit 
(IMU)  and  a 4096-wor6l  digital  computer  located  in  the  electrvtdes  packa^  for  pfovidhrg  an  analog 

servo  loop  for  both  (init-stagc  and  second-stage  gimballe^l  irtd  sequencing  distribution  boxes  in  each  stage  for 

housing  various  relays  used  to  sequence  veldcte  The  development  of  a simple  but  effective  set  of  guidance 

atsd  stocring  equatiotvs  is  presented  and  detm^^rated  through  (tight  data.  A&A  F.K.L. 

75/00/00  7SA57702 

THE  HONf.yik'ELL  LASER  INER1TAL  NAViGAllON  SYSTEM /UNS/ 

Savage,  P.G. 

ffljmeywcll.  Inc.,  Minncajvoils.  Minn.) 

In  NAECON  *75;  Ptoccedings  of  the  Natb-sfts  Aoai^ace  and  Electronics  Conferenre.  Dayton.  Ohio,  lune  10- 1 2. 197S. 
(AV5-37623  18-01)  New  Vdii?,  l,=nSK«lc  .vSeririsssl  and  Electronics  Engineers.  Inc.,  1975.  p.fiOO-hlO. 

The  Hontvi'w'dl  sUapdowri  UNS  (lasser  inertial  navigation  system)  a descriticd  indudmg  hardware  cictnenu.  p’Hvifsre 
elements,  and  tensot  pctfoituinis  the  sydem  utilises  f loneyurcl)  GGl  300  laser  gytos  as  the  baric  sensing  elements 
which  have  a demonstrated  capability  for  achieving  1 3 mile  per  hour  system  level  performance.  The  UNS  hardware 
i£  modular  in  construction  to  meet  individual  user  interface  requhietocnts  and  system  redundancy  levels  when  needed 
using  skewed  xeiriior  geomeiriet.  Advantages  of  LINS  compared  to  conventional  inertial  navigation  equipment  are  faster 
time  and  a factor  of  twv  lower  procurement  cost  and  maintenance  cents.  A LINS  engineering  system  is  entrenUy 
being  road  tested  at  Honeyweii  in  preparation  for  (light  lest  evaluation  at  Itotioman  Air  Eoioc  base  during  April-fuae 
1975.  ASA  author. 

76/00/00  77A20664 

THE  SLID  1 5 LASER  GVKO  IMU  FOR  MIDCDURSE  MISSILE  GUIDANCE 
Morttton,  R.F.;  Levinson,  E.;  McAdory,  R.W. 

(Sperty  Rand  Cbrp.,  Sperry  Gyioteopc  Div.,  Great  Neck,  N.Y.);  (USAF,  Avtohics  Laboratory,  Wrighl-Faitenon  AFB, 
Ohio) 

In  New  Frontiers  in  Aerospace  Navigation;  Proceedings  of  the  BkentenniaJ  National  Aerospace  Symposium,  Wamuister^ 


Pa.;  April  27, 28,  1976.  (A77-20655  07-04)  Washington,  D.C.,  Institute  of  Navigation.  1976,  p.59-68. 

Ttie  paper  outlines  {he  design  and  capabilities  of  the  SLIC-15  strapdown  laser  gyro  inertial  measurement  unit  (IMU)  of 
compact  sensor  configuration.  The  IMU  consists  of  a laser  gyro  triad  machined  into  a single  ceramic-vitreous  structure 
with  three  orthogonal  linear  accelerometers.  It  is  shown  that  the  unique  design  features  of  this  unit  offer  advantages  in 
low  cost,  small  size,  high  reliability  and  long  storage  life.  An  error  analysts  for  a typical  glide  bomb  mission  revealed  that 
the  SLlC-1 5 strapdown  laser  gyro  IMU  is  suitable  for  midcourse  guidance  of  tactical  missiles.  The  capabilities  of  the  IMU 
promote  its  use  in  a broad  spectrum  o.f  applications  in  addition  to  tactical  missile  guidance.  ABA  S.D. 

77/00/00  78A 15681 

THE  SLIC-7  LASER  GYRO  INERTIAL  GUIDANCE  SYSTEM 

Morrison,  R.F.;  Levinson,  E.;  Bryant.  B.L.  Jr 

(Sperry  Rand  Corp.,  Sperry  Gyroscope.  Great  Neck,  N.Y.) 

In  NAECON  ‘77;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  May  17  19,  1977. 
(A78-15S51  04-33)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1977,  p.l045-i06l.  Army- 
sponsoretl  research. 

Sperry  is  devebping  a unique  low-cost  nuniaturo  ring-laser  gyro  strapdown  inertial  guidance  system  that  is  suitable  for  a 
broad  spectrum  of  aerospace  applications.  Tlte  key  features  of  this  system  are  described  anct  the  latest  laboratory  perfor- 
mance test  data  an^  presented.  Mission  application  capabilities,  including  tactical  missile  guidance,  torpedo  guidance  and 
mised  navigation  system  are  defined.  Life  cycle  cost  advantages  are  delineated.  ABA  author. 

7$f0i2/m  7SA21S28 

THERMOELECTRIC  TEMPERATURE  CONTROL  OF  INSTRUMENTATION  A SAMPLE  DESIGN 
Mafiorana,  R.T. 

(Charles  Stark  Draper  Laboratory.  Inc..  Cambridge,  Mass.) 

IEEE  Transactions  ■hi  Industrial  Idectronics  ami  Control  Itrstruntentation,  Vtd.  IECI-22,  February  1975.  p.69-7S. 

Cur.eiit  technology  has  proditced  high-perforwance  semiconductor  thermoelectric  ntodttles  that  can  be  a design  option 
for  tenqrerature  control  of  electremk^  and  iasirumentalion.  It  seem*  reasonable  that  their  advantages  would  be  helpful 
to  eteelfonics  amd  process  control  designers  who  may  not  be  aware  of  the  tremendous  advances  irr  the  state-of-the-art 
of  thermoelectfies.  WIren  dc  current  w Bvailable,  thermoeJeetrics  can  be  used  for  active  blmodal  control.  TtUs  paper 
describes  their  fundantental  operatioo.  derit>c5  some  performance  rclstionship^.  and  presents  C'jmputalion  techniques  for 
their  integration  into  a systetn.  An  esampte  is  ^ven  where  ilrermoelectric*  were  rtsed  to  temperature  control  the  SIMS  It 
strapdown  inertial  (wvigator.  Test  results  diowcd  that  temperature  control  of  the  gyros  and  accekrometers  was  adneved 
to  withirt  0. 1 de^ee  T in  ambients  between  20  and  120  F.  AtlA  author. 

N.ASA<R  ! 50048  SGD42ST0742  74/O.VOO  77N7n20 

THREE  AXIS  SIKAPDOWN  RING  LASER  GYRO  INERTIAL  MEASUREMENT  UNIT  MODEL  S300 
Sjicrry  Gyroscope  Co..  Great  Neck,  N,  V, 

75/CW)/00  75A37C4t 

TRANSFER  AUGNMENt  FOR  MOTION  SI'ABtUZATlON  OF  COHERENT  RADARS 
Ryle*.  J.C,;  Reeves.  R.M. 

(USAF.  Avionic*  Labnratory,  Wright -Patterson  APR.  Ohio) 

In  NAECON  '7.5.  Proceedings  of  the  National  Aerospace  and  Electronics  Conference.  Dayton.  Ohio.  June  10  12. 1975. 
(A?5‘.*7623  18-01)  New  York,  Institute  of  Electrical  and  Eiectronitsi  Engineers.  Inc..  1975.  p.|7|-|  77. 

Some  of  the  desi^  tradeoffs  involved  in  a stKcial-putfHsse  antenna-mounted  motion  compensation  system  for  use  with  a 
forward-looking  mulliriiode  radar  capable  of  producing  high-resolution,  real-time.  sy«thetic-at>crturc  radar  (SAR)  maps, 
tire  application  cottsldeted  is  for  a strapdown  inertial  mcasurenscni  unit  f iMU)  mounted  on  a ptrased-array  antenna  arsd 
slaved  to  the  aircran  inertial  navigation  systetn  'INS)  using  transfer  alignment  techniques.  The  limit  on  constant  accelera- 
tion error  is  defined  as  a fttnetioit  of  radar  wavelength,  range  to  Ute  center  of  the  map.  map  itesotulioii.  aircraft  vvsiocity, 
and  viewing  artgle.  ADASJ.M. 

Wm,m  77A28S09 

OPDATIi  STRATEGY  FOR  A STRAIDOWN  STELLAR  INERTt.AL  NAVIGATION  SYSIliM 
Eau.S.P.;  Steadman.  S.S. 

(lloncywclK  Inc..  Aerospace  iMv..  St  Petersburg.  iTs.) 

In  Cttftfcrence  on  Decision  and  Control  «mI  Symp'-  '-^n  on  Adaptive  P»o'.;mej5.  t5th.  Clearwater  Fla..  December  I 3. 
1976,  Proceedings.  ( A77-28W)r  ? Ne-*  ' • ■ . of  Eiscits'M  and  Ek-ctionka  tirgineeri,  Inc..  197b.  p.S8-64. 

Tlte  patver  desct*bye»  strategy  for  at.-.  * v-:  stellar  htersial  system  for  orbital  navigatixt,  with  spicC-siiultlc- 

related  ai*ph.  A sis  stale  Kalman  ri-  - w;  i selected  for  u(xiatc  processing  of  star  sensor  data  based  upon  algorithm 
tradeoff  iTerfonned  aj>”' . < - .e  ^aic  simulation.  A covariance  analysis  simulation  tool  developed  for  attitude 
protdsius  is  used  to  generate  the  system  amaiysis  data  for  the  stellar  inertial  update  strategy.  ABA  tlJ. 


76/01/00  76A26566 

USE  OF  CALIBRATION  MANEUVERS  FOR  IMPROVED  PERFORMANCE  OF  STRAPDOWN  ATTITUDE 
REFERENCE  SYSTEMS 
Lorell,  K.R. 

(NASA,  Ames  Research  Center,  Moffett  Field,  Calif.) 

National  Aeronautics  and  Space  Administration.  Ames  Research  Center,  Moffett  Field,  Calif.  Journal  of  Spacecraft  and 
Rockets,  Vol.  13,  January  1976,p.31-36,  Research  supported  by  the  National  Research  Council. 


Conventional  strapdown  configurations  require  precise  knowledge  of  the  orientation  of  the  gyro  input  axes  as  well  as  a 
moderately  large,  fast  computer  to  provide  inertial  attitude.  This  paper  presents  the  mechanization  and  discusses  the 
operation  and  performance  of  an  omnidirectional,  strapdown  pointing  control  system  called  all  sky  pointer  which  does 
not  require  precise  gyro  alignment  or  a sophisticated  computer.  Errors  caused  by  gyro-optical  sensor  misalignment,  gyro- 
integrator  bias,  and  scale  factor  error  are  compensated  for  by  the  use  of  calibration  maneuvers.  Control  and  computation 
are  provided  by  an  electronics  package  utilizing  technology  similar  to  that  found  in  hand-held  calculators.  Simulation 
results  indicate  that  sub  arc-minute  pointing  performance  is  possible  and  pointing  errors  are  reduced  by  as  much  as  an 
order  of  magnitude  compared  with  uncompensated  systems.  ABA  author. 


SAE  Paper  75 11 03  75/11/00  76A22317 

VERTICAL  ATTITUDE  TAKEOFF  AND  LANDING  REMOTELY  PILOTED  DEMONSTRATION  VEHICLE 
Eilertson,  W.H. 

(US  Naval  Material  Command,  David  W.Taylor  Naval  Ship  Research  and  Development  Center,  Carderock,  Md.) 

Society  of  Automotive  Engineers,  National  Aerospace  Engineering  and  Manufacturing  Meeting,  Culver  City,  Calif., 
November  17-20, 1975,  19  p. 

The  VATOL  remotely  piloted  vehicle  for  demonstration  purposes  incorporates  a delta  wing,  has  its  power  plant  located 
at  the  rear  of  the  aircraft,  and  uses  a close  coupled  canard  to  extend  maximum  lift.  A single  vertical  tail  is  used  for 
horizontal  flight  directional  stability,  and  elevens  on  the  wing  and  a rudder  on  the  vertical  tail  are  used  for  horizontal 
flight  control.  The  Harpoon  midcourse  guidance  unit  serves  as  both  an  autopilot  and  an  inertial  navigator  by  means  of 
an  attitude  reference  assembly  in  a strapdown  inertial  sensor  configuration,  a digital  computer  autopilot  and  a self- 
contained  power  supply.  Experimental  data  on  aerodynamic  performance  (trim  lift  vs  trim  drag,  longitudinal  stability, 
lateral  stability),  jet  vane  performance,  velocity  distribution,  and  exhaust  flow  conditions  at  lift-off  are  discussed.  The 
results  of  engine  installation  tests  are  presented,  together  with  the  planning  of  future  flight  tests,  tethered  hover  tests, 
horizontal  flight  tests,  and  ship  interface  tests.  ABA  B.J. 


SAE  Paper  750601  74/05/00  75A40510 

WHITHER  ALL  WEATHER  --  AN  AIRPLANE  MANUFACTURER’S  POINT  OF  VIEW 
Tobie,  H.N. 

(Boeing  Commercial  Airplane  Co.,  Renton,  Wash.) 

Society  of  Automotive  Engineers,  Air  Transportation  Meeting,  Hartford,  Conn.,  May  6 8,  1975. 6 p. 

Automatic  landing  has  joen  developed  to  the  point  where  all  the  wide-bodios  jets  ha\'e  it  as  basic  equipment.  The 
techniques  presently  employed  are  generally  founded  upon  the  teclmology  of  the  last  two  decades  - especially  with 
respect  to  analog  computation  and  gyroscope  references.  Several  new  techniques  are  now  available  which  can  substan- 
tially improve  the  autoland  systems  for  the  next  generation  of  transport  aircraft.  'Hiese  include  airborne  digital 
computers,  the  use  of  integrated  air-data  and  strapdown  airplane  motion  reference  systems,  expanded  use  of  automatic 
system  test,  and  the  development  and  employment  of  the  microwave  landing  system  (MLS).  Tliese  new  technology 
developments  promise  to  provide  expanded  operational  benefits,  reduced  maintenance,  and  increased  availability  over 
that  of  contemporary  autoland  systems.  ABA  author. 


75/00/00  75 A3' 701 

4-D  NAVIGATION  USING  INTEGRATED  STRAPDOWN  INERTIAL/DIFFERENTIAL  LORAN 
Wierenga,  R.D. 

(Lear  Siegler,  Inc.,  Instrument  Div.,  Grand  Rapids,  Mich.) 

In  NAECON  '75;  Proceedings  of  the  National  Aerospace  and  Electronics  Conference,  Dayton,  Ohio,  Juno  10  1 2,  1975. 
(A75-37623  18-f)l)  New  York,  Institute  of  Electrical  and  Electronics  Engineers,  Inc.,  1975,  p.6()2-608. 

This  paper  describes  a four-dimensional  terminal  area  navigation,  control,  and  display  .system  that  uses  strapdown  inertial 
sensors  combined  with  differential  Loran  to  accurately  determine  aircraft  position,  velocity,  attitude  and  heading.  The 
functional  and  hardware  requirements  of  the  system  are  given.  A unique  Integration  filter  is  defined  whicn  combines 
the  strapdown  inertial  and  differential  Loran  data.  The  four-dimensional  path  generation  technique  that  is  used  is  briefly 
described  as  is  the  hybrid  computer  and  cockpit  simulator  being  used  to  evaluate  the  system.  ABA  autlior. 
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